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Mangroves are threatened globally by land conversion, habitat degradation and climate 
change. As fragmentation and degradation continues to worsen in mangrove habitats, the 
genetic connectivity among populations of mangrove species becomes increasingly important 
to maintain sufficient genetic diversity and evolutionary potential. In this thesis, I determined 
the effects of reproductive traits, physical barriers and ocean currents on the gene flow of 
mangroves, by examining the genetic connectivity of four major mangrove species from the 
Malay Peninsula (MP)—Avicennia alba, Sonneratia alba, Bruguiera gymnorhiza and 
Rhizophora mucronata.  
To obtain sufficient numbers of reliable DNA markers for genotyping, eleven nuclear 
microsatellite markers for A. alba, S. alba and R. mucronata were developed. Reproductive 
traits that may influence the gene dispersal potential of a mangrove species were assessed by 
using a conceptual framework for gene flow. As gene flow can occur both via pollen and 
propagule dispersal, the four study species were ranked based on their relative dispersal 
potentials for pollen and propagule, respectively. Evidence gathered from the literature 
revealed that S. alba and B. gymnorhiza had higher pollen dispersal potentials than A. alba 
and R. mucronata due to more mobile vertebrate pollinators, while B. gymnorhiza and R. 
mucronata had higher propagule dispersal potentials than A. alba and S. alba due to longer 
propagule flotation period and longevity. The relative gene dispersal potentials were later 
employed to examine the influence of reproductive traits on gene flow. 
The effects of both physical barriers and dispersal potential on genetic connectivity were 
investigated via a comparative population genetics analysis across species. First, the genetic 
ix 
 
structure across species was examined to determine the role of the MP as a physical barrier to 
gene flow. Different genetic lineages were detected on each coast of the MP in A. alba, S. 
alba and B. gymnorhiza despite recent hydrological connectivity across the MP that had 
brought both lineages together. Strong genetic structure across the MP indicated the presence 
of the remnant genetic signature from the vicariance across the MP during the last glacial 
maximum. The signature of this vicariance was most prominent in A. alba and S. alba, less so 
in B. gymnorhiza and undetectable in R. mucronata. The MP posed a weak barrier to gene 
flow in the latter two species. Contemporary gene flow was able to re-establish connectivity 
between coasts. When only genetic connectivity within coasts was considered, A. alba and S. 
alba showed lower gene flow than B. gymnorhiza and R. mucronata. The relative propagule 
dispersal potential across species provided a compelling explanation for the genetic pattern 
observed among different species. Species with higher propagule dispersal potentials (B. 
gymnorhiza and R. mucronata) consistently showed higher gene flow across a physical 
barrier and along the same coastline than species with lower propagule dispersal potentials 
(A. alba and S. alba). Assuming that contemporary gene flow shaped the observed genetic 
patterns, it implies that the longer flotation period and viability in B. gymnorhiza and R. 
mucronata enhanced their dispersal ability as compared to the other two species. Therefore, 
the comparative analysis provided convincing evidence that the genetic connectivity in a 
mangrove species is closely related to its propagule dispersal potential.  
Among the four studied species, only R. mucronata did not show a clear genetic structure 
across the MP. Therefore, a larger geographical range (adding Myanmar, Indonesia and 
Vietnam) was sampled and an ocean circulation simulation was performed to understand the 
influence of geographic distance, physical barrier (the MP) and ocean circulation patterns on 
the genetic structure of this particular species. The results demonstrated that unlike other 
mangrove species, the most prominent genetic break was not situated across the MP, but at 
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the northern section of the Malacca Strait, separating populations from Myanmar and 
northern Sumatra from the others from the Malacca Strait and the South China Sea. The odd 
location of the genetic discontinuity coincided with ocean circulation patterns that prevented 
the mixing of waters at the boundary between Andaman Sea and the Malacca Strait, thus 
supporting that gene flow of R. mucronata was maintained by ocean current-facilitated 
propagule dispersal.  
In summary, propagule dispersal is the main mechanism for gene flow among populations. 
The data revealed that mangrove populations from the MP have strong genetic structure, 
supporting the suggestion that mangroves have restricted gene flow. The genetic pattern 
across the MP reflects the propagule dispersal potential of each species. Comparative analysis 
across species demonstrated that the MP was a differential barrier to gene flow. Although the 
genetic structure of R. mucronata showed a genetic discontinuity on the boundary of the 
Andaman Sea and the Malacca Strait, implying the importance of ocean circulation patterns 
in defining the genetic connectivity in this species. This thesis provided valuable insights on 
the factors influencing gene flow among populations, which are useful in understanding how 
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Chapter 1: Thesis introduction 
 
1.1 Mangroves: importance and threats 
Mangroves are widespread intertidal plants found across the world’s tropical and subtropical 
regions, comprised of circa 70 species derived from different ancestral sources of terrestrial 
angiosperms (Duke, 1995; Spalding et al., 2010). Mangroves provide important ecosystem 
services, such as nursery ground for marine animals, wood production (Alongi, 2002), coastal 
defense against storm surges (Kathiresan & Rajendran, 2005) and erosion (Thampanya et al., 
2006). Despite their enormous economic value (Alongi, 2002) mangroves are threatened 
globally by land conversion, habitat degradation (Valiela et al., 2001) and climate change 
(Gilman et al., 2008). The hotspot for mangrove species diversity—the Indo-Malay 
Philippine Archipelago—has the highest rate of mangrove loss in recent decades, to the 
extent that some species are at risk of extinction (Polidoro et al., 2010). As a result, mangrove 
habitats are increasingly fragmented and degraded, at a rate equal to or greater than many 
other charismatic ecosystems such as coral reefs and terrestrial tropical rainforests (Duke et 
al., 2007). 
Maintaining sufficient gene flow among populations in an increasingly fragmented landscape 
is crucial to prevent genetic erosion (Aguilar et al., 2008). In plants, gene flow occurs via 
pollen and seed dispersal. Habitat isolation often leads to reduced gene flow due to pollen 
limitation (Aguilar et al., 2006) and restricted seed dispersal (Hamilton, 1999), resulting in 
increased inbreeding (Cascante, 2002; Fuchs et al., 2003) and decreased genetic diversity 
(Young et al., 1996; Dayanandan et al., 1999; Sebbenn et al., 2011). As offspring of related 
individuals tend to have lower survivability and fertility—a process termed inbreeding 
depression (see Charlesworth & Willis, 2009)—increased inbreeding may subsequently lower 
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population fitness (Buza et al., 2000). In the long term, the loss of adaptive genetic variation 
severely undermines the evolutionary potential of a species (Sork & Smouse, 2006).  
Mangroves are highly adaptable plants, evolving in extremely dynamic and disturbed 
environment at the terrestrial margins of brackish or saline waters with a wide range of tidal 
regimes (Lugo & Snedaker, 1974). Mangrove communities are restricted to pockets of 
sheltered intertidal environment along the coast with low hydrodynamic energy (Tomlinson, 
1986). As a result, mangroves have a naturally discontinuous distribution along coastlines, 
and are found in estuaries, river deltas and stretches of less-exposed coastal shores (Spalding 
et al., 2010). Despite having patchy distribution, mangroves often have profuse gene flow 
among distant but hydrologically connected populations, especially populations along the 
same coastline (Ge & Sun, 1999; Arnaud-Haond et al., 2006).  
Nevertheless, genetic erosion had been observed in degraded mangrove habitats, indicating 
that the ecosystem is not immune to the disruption in gene flow following anthropogenic 
disturbances. Habitat fragmentation by a highway construction resulted in increased 
inbreeding and reduced allelic diversity in Avicennia germinans (Salas-Leiva et al., 2009). 
These signs of genetic erosion were observed merely four decades post-disturbance, implying 
that habitat fragmentation could lead to observable impacts within a short time frame. The 
degree of susceptibility to fragmentation may depend on the dynamics of gene flow among 
populations (Hamrick, 2004). Hence, understanding the drivers and limitations of gene flow 
in threatened ecosystems is a priority in conservation agendas. 
1.2 Genetic connectivity in mangroves 
Genetic connectivity—defined as gene flow that alters the genetic diversity and divergence 
among populations (Lowe & Allendorf, 2010)—is determined by both past and present 
events of gene dispersal. Conditions which foster gene flow among groups of individuals, 
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such as habitat continuity (Benzie, 1999b) and unobstructed dispersal (Leclerc et al., 2008), 
enhance genetic connectivity and may even lead to panmixia (Bricker et al., 2011). 
Contrarily, conditions which interrupt gene flow, such as segregated distribution (Sebbenn et 
al., 2011), phenological differences (Yamagishi et al., 2005) and barriers to dispersal 
(Leclerc et al., 2008), result in genetic divergence and discontinuities among populations. 
Genetic connectivity can be elucidated from the genetic structure of a species, as gene flow is 
one of the main contributors to population subdivision (Slatkin, 1985; Hewitt, 2001).  
Genetic connectivity in mangroves is largely limited to within an oceanic region (see Triest, 
2008); higher levels of gene flow occur among populations from the same oceanic region 
than those from different regions (Ge & Sun, 1999; Giang et al., 2003; Liao et al., 2007; 
Huang et al., 2008). This genetic pattern parallels that of other coastal or marine communities 
(Barber et al., 2000; Lessios, 2008; Gaither et al., 2011), especially plants with sea-dispersed 
seeds, e.g. Hibiscus tiliaceus (Takayama et al., 2006) and Zostera marina (Olsen et al., 
2004). The major cause for this congruency is that a considerable proportion of gene flow in 
mangroves is water-borne. All true mangroves have water-dispersed propagules that can float 
for an extended period of time in saline, brackish and fresh- water (Tomlinson, 1986; Clarke 
et al., 2001). Buoyant propagules can be passively dispersed by ocean currents over long 
distances (Clarke, 1993; Steinke & Ward, 2003; Nathan et al., 2008), which could lead to 
frequent gene flow within areas connected by ocean currents.  
High connectivity within the same oceanic region may also be a signature of shared 
biogeographic history among the populations (Benzie, 1998; Triest, 2008). As an intertidal 
plant community, the distribution range of mangroves follows the rise and fall of sea level. 
Populations from the same oceanic regions most likely share common descent during 
historical range expansion and contraction resulting from sea level fluctuation in the late 
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Pleistocene and Holocene (reviewed in Hewitt, 2000). This will be further discussed in the 
subsequent section on land barriers to gene flow.  
1.3 Key factors of gene flow in mangroves 
1.3.1 Reproductive traits 
The genetic connectivity in plants is closely linked to life history and reproductive traits, such 
as breeding system (Loveless & Hamrick, 1984), mating system (Procaccini et al., 2007; 
Aguilar et al., 2008), pollination (Kolb & Diekmann, 2005), seed dispersal mechanism (e,g. 
(Hamrick et al., 1993) and fecundity. Such traits determine the extensiveness—both in 
magnitude and spatial range—of gene flow. For example, species with bird-dispersed seeds 
have higher genetic connectivity and weaker genetic structure than those with wind-dispersed 
seeds, perhaps due to larger distances that seeds are routinely dispersed by birds (Hamrick et 
al., 1993).  
Despite the recognized importance of reproductive traits to gene flow, this relationship has 
not been sufficiently explored in mangroves. Although all true mangroves have sea-dispersed 
propagules, the dispersal characteristics of these propagules, especially the buoyancy (e.g. 
Clarke et al., 2001) and longevity (e.g. Allen & Krauss, 2006) are highly species-specific. 
Furthermore, different pollination syndromes are found among mangroves, including wind-, 
bird-, bats- and insect-pollination (Tomlinson, 1986). With such wide variety of reproductive 
traits, the level of genetic connectivity is expected to differ across species. Although 
pollination mechanisms and propagule dispersal distance have been used to explain observed 
genetic structure of mangroves (e.g. Ge et al., 2003; Geng et al., 2008; Huang et al., 2008), 
studies explicitly testing the effects of reproductive traits on genetic connectivity are absent. 
A robust assessment of genetic connectivity requires the inclusion of species representing the 
typical reproductive traits found in the ecosystem (Hughes et al., 2003). Therefore, a 
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comparative study will help to elucidate the contribution of reproductive traits to gene flow in 
mangroves.  
1.3.2 Land barriers  
Genetic discontinuities in mangroves often coincide with the presence of historical and 
contemporary land barriers to gene flow (see Triest, 2008). Barriers result in a localized 
reduction in pollen or seed dispersal which consequently manifest as boundaries to gene flow 
among populations. Land masses are one of the most conspicuous barriers to gene flow. 
Vicariance—the division of a species’ distribution range, often by land masses (Wiley, 
1988)—is the precursor to important evolutionary processes such as allopatric speciation and 
genetic divergence (Wiley, 1988; Benzie, 1998). The African continent, the Central 
American Isthmus (CAI) and the Malay Peninsula (MP) are perhaps the most important 
contemporary land barriers in mangroves (see Triest, 2008). The African continent is a key 
biogeographic force in the evolution of the division in global distribution of mangroves into 
two biogeographic regions: the Atlantic East Pacific (AEP) and the Indo West Pacific (IWP) 
(Duke et al., 2002); whereas both the CAI and MP are strong barriers to gene flow. The CAI, 
for instance, geographically separated mangrove populations from the Atlantic and the 
Pacific coasts for the past three million years (Haug & Tiedemann, 1998), resulting in a deep 
genetic divergence between the two groups (Dodd et al., 2002; Nettel, 2007; Takayama et al., 
2013).  
Genetic discontinuities observed in the absence of a physical barrier can be explained by the 
presence of a strong barrier to gene flow in the past. For example, the genetic discontinuity 
between mangrove populations from the Indian and Pacific oceans (Tan et al., 2005; Su et 
al., 2007; Huang et al., 2008) results from separation of populations by the Sunda and Sahul 
continental shelves during glacial maximum (Flenley, 1998; Barber et al., 2000). Such strong 
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genetic signature indicates that contemporary oceanic connectivity has yet to facilitate strong 
genetic connectivity between both ocean basins. These historical barriers are particularly 
interesting, as it allows for testing hypotheses regarding the causal relationship between 
geographic phenomena and genetic connectivity (see Hickerson et al., 2010).  
1.3.3 Ocean currents 
As mangrove propagules are passively dispersed by sea, the extent of propagule-mediated 
gene flow may depend, to a large extent, on the prevailing ocean currents. This is a 
reasonable expectation, as the movement of the vector is a good predictor of dispersal 
patterns and gene flow in many abiotic dispersal systems, e.g. wind-dispersed plants (Soons 
et al., 2004), aquatic plants (Pollux et al., 2009) and pelagic marine larvae (Galindo et al., 
2006). Ocean currents may facilitate or impede gene flow. On the one hand, dispersal by sea 
has a high potential to reach long distances (Nathan et al., 2008) and hence achieve extensive 
gene flow (e.g. Uthicke & Benzie, 2003; Doonan et al., 2012).  In mangroves, gene flow is 
observed among populations within the same oceanic region (Ge & Sun, 1999; Giang et al., 
2003; Liao et al., 2007; Huang et al., 2008); there is even indirect evidence of historical 
trans-oceanic dispersal (Dodd et al., 2002).  
Although the open ocean environment provides few obvious barriers to dispersal for buoyant 
larvae or propagules, the detection of strong genetic breaks within species with high dispersal 
potential prompt the inference that ocean currents may act as a cryptic barrier (Barber et al., 
2002; Thornhill et al., 2008). There are two pieces of evidence of cryptic oceanic barriers in 
mangroves. First, the genetic discontinuity among Rhizophora mangle populations in Brazil 
(which were likely founded by the same source) is attributed to the bifurcating ocean currents 
along the coast (Pil et al., 2011). A close inspection of ocean circulation patterns in the South 
China Sea (Yang et al., 2002; Fang et al., 2009) revealed that this may also be the case for 
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the genetic break between northern and southern Avicennia marina populations in Vietnam 
(Kado et al., 2004), though it was not explicitly implied by the authors. These examples 
demonstrate that certain genetic discontinuities among mangrove populations are best 
explained by the ocean circulation patterns.  
The advent of seascape genetics (Galindo et al., 2006)—a comparative analysis of 
oceanographic and genetic models—provided new insights to the spatial ecology of marine 
populations, especially in understanding dispersal potential (White et al., 2010), marine 
reserve design (Selkoe et al., 2008) and the conservation of threatened species (Schultz et al., 
2008). Despite the advancement of seascape genetics in other study systems, to date the direct 
comparison of ocean currents and genetic data is absent in mangroves, with the exception of 
the study on Rhizophora mangle populations in Brazil (Pil et al., 2011). This remains a 
knowledge gap that is yet to be addressed.  
1.3.4 Interactions among the factors 
In mangroves, the key factors of gene flow are reproductive traits, land barriers and ocean 
currents. Contrasting but equally convincing evidence from various studies on sympatric 
mangrove species shows that while land barriers and vicariance have stronger influence on 
genetic structure in some populations (Tan et al., 2005; Su et al., 2007; Huang et al., 2008), 
reproductive traits may be more important in others (Takeuchi et al., 2001; Kado et al., 
2004). Similar discrepancies regarding the importance of these factors are common in the 
general population genetics literature. Gene dispersal potential has been repeatedly refuted 
(Bohonak, 1999; Weersing & Toonen, 2009) and reinstated (Bradbury et al., 2008; Selkoe & 
Toonen, 2011) as a predictor of gene flow. Similarly, exceptions to the persistent and well-
documented Indo-Pacific Barrier demonstrate that the population structure of certain species 
is less influenced by vicariance than others (Lessios et al., 2003; Horne et al., 2008). Despite 
Chapter 1 Thesis introduction 
8 
 
decades of population genetics studies, few generalizations can be made regarding the 
relative influence of these factors. This highlights the importance of context specificity in 
analyzing genetic patterns and a pertinent study design that incorporates multiple factors 
simultaneously.  
Over the past two decades, population genetics studies of mangroves have focused largely on 
phylogeography. These studies advanced our understanding on speciation events (Duke et al., 
1998a; Dodd & Afzal Rafii, 2002) and biogeography of mangroves (see Triest, 2008). 
Unfortunately, the descriptive nature and the lack of hypothesis testing in phylogeographical 
studies left information on life histories, dispersal ecology and most importantly how genetic 
connectivity is forged and maintained much to be desired. The few exceptions to this 
provided invaluable evidence on the importance of local geomorphology (Geng et al., 2008), 
regional ocean currents (Pil et al., 2011) and long distance dispersal (Dodd et al., 2002; 
Takayama et al., 2013) in shaping the genetic structure of mangroves. These studies 
demonstrated the merits of hypothesis-oriented analysis and represent the general approach 
adopted in this thesis. 
1.4  Study site 
The Malay Peninsula (MP) presents a valuable avenue to test the relationship between 
physical features (both land and oceanic barriers) and gene flow in mangroves. This is 
primarily due to the dynamic geologic history of the Indo-Australian Archipelego (IAA)—
especially the Sunda Shelf where the MP is situated—which gives rise to substantial 
opportunities for vicariance (Voris, 2000). The fluctuations of sea levels, tectonic movements 
and the gradual formation of this complex archipelagic network over the course of 65 Mya 
(Voris, 2000; Woodruff, 2003b; Hall, 2009) are perhaps reasons for the rich biodiversity 
observed in this region. Indeed, the IAA is the center of diversity for mangroves in the IWP 
Chapter 1 Thesis introduction 
9 
 
(Polidoro et al., 2010). This offers a good opportunity for comparative analysis, as it allows 
for a wide selection of study species in an otherwise species-poor ecosystem. The rich 
biogeographic history in this region also attracted keen interest from biologists—it boasts one 
of the best-documented phylogeographic patterns in the world, dating back to Wallace’s 
observations in the 1800s (see Lohman et al., 2011; Parnell, 2013)—which provides ample 
reference study systems to compare with mangroves.  
The MP is one of the most important present-day land barriers on the Sunda shelf, separating 
the Pacific and Indian Oceans. Genetic discontinuity between the east and west coasts of the 
MP has been found in coastal and marine fauna (Benzie, 1999a; Alfaro et al., 2004; Antoro et 
al., 2006) as well as in numerous mangroves species, including Lumnitzera racemosa (Su et 
al., 2006), Lumnitzera littorea (Su et al., 2007), Ceriops tagal (Ge & Sun, 2001; Liao et al., 
2007), Ceriops decandra (Tan et al., 2005; Huang et al., 2008), Bruguiera gymnorhiza 
(Minobe et al., 2009) and Rhizophora apiculata (Inomata et al., 2009). The deep genetic 
division across the MP is attributed to the biogeographic history of this region.  
During the last glacial maximum, most of the Sunda shelf was above sea-level and relict 
mangrove habitats were likely to be restricted to two major refugia at the outer margin of the 
shelf: one in the South China Sea and another in the Andaman Sea (Cannon et al., 2009) 
(Figure 1.1). These two refugia were concentrated at the mouth of major Palaeo river 
systems: the Siam River system and the North Sunda River system flowed toward South 
China Sea; while the Malacca Strait River system fed into the Andaman Sea (Voris, 2000). 
During deglaciation in the Holocene circa 10,000 years ago (Flenley, 1998), the South China 
Sea and Andaman Sea refugia retreated with the rising sea level (Cannon et al., 2009) and 
most likely have founded the mangrove populations on the east and west coasts of the MP, 
respectively.  
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Gene flow (via mobile pollinators) over land across the peninsula is highly unlikely, as the 
mountain ranges which run longitudinally along the MP would be a substantial land barrier 
preventing the migration of animal pollinators. Furthermore, there is no evidence of a seaway 
across the MP in the past 25 million years (Woodruff, 2003a)—not even at its narrowest 
point at the Isthmus of Kra—that could facilitate inter-coast propagule dispersal. Therefore, 
mangrove populations on both coasts of the MP are historically isolated but recently 
connected by sea. This presents an interesting scenario to disentangle the influence of 
vicariance and contemporary gene flow in mangroves.  
1.5 Study species  
In this thesis, I considered four co-occurring species from three families—Avicennia alba 
(Acanthaceae), Sonneratia alba (Lythraceae), Bruguiera gymnorhiza (Rhizophoraceae) and 
Rhizophora mucronata (Rhizophoraceae)—representing a wide range of reproductive traits 
found in mangroves (Table 1.1). These four species are widely distributed across the IWP 
region and are common in the MP. Owing to differences in pollination vectors and propagule 
types, these species are expected to have different potentials for gene dispersal. Their 












Figure 1.1. The proposed location of two major mangrove refugia (shaded orange) 
during the last glacial maximum. Adapted from Cannon et al. 2009. The area shaded light 
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Table 1.1. Reproductive traits of the study species. 
Species Family Pollination 
syndrome 
Propagule type Vivipary 
     
A. alba Acanthaceae E Small single-seeded fruit Cryptovivipary 
S. alba Lythraceae E & Z Large fruit with small seeds No vivipary 
B. gymnorhiza Rhizophoraceae Z Large propagule  Vivipary 
R.mucronata Rhizophoraceae A & E Large propagule Vivipary 
 
E, enthomophily, insect pollination; Z, zoophily, vertebrate pollination; A, anemophily, wind 
pollination; Data from Tomlinson 1986.  
 
1.6  Thesis aims and objectives 
This thesis investigated the genetic connectivity and structure of four major mangrove species 
with varying reproductive traits across the MP, a well-known biogeographic barrier. By 
comparative analysis of gene flow in sympatric species sampled from the same geographic 
locations, I aimed to determine the influence of (1) the MP as a biogeographic barrier, (2) 
ocean circulation patterns and (3) reproductive traits on population structure and 
contemporary gene flow. My focus was to disentangle the relative contribution of each factor 
and clarify the mechanisms through which genetic connectivity is maintained in mangroves. 
The findings of this thesis should enhance the understanding of the complex geographical and 
ecological processes dictating gene flow in mangroves and provide the necessary groundwork 
for conservation genetics and seascape genetics.  
1.7  Overview of chapters 
Chapter 2 is a primer note published in the Journal of Tropical Forest Science (JTFS) 
entitled: “Microsatellite loci for Avicennia alba (Acanthaceae), Sonneratia alba (Lythraceae) 
and Rhizophora mucronata (Rhizophoraceae)” (Wee et al., 2013). In this study, polymorphic 
compound microsatellite markers were developed for three of the four study species with the 
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PCR-based isolation of microsatellite arrays (PIMA) method. These markers were 
subsequently employed in Chapters 4 and 5.   
Chapter 3 is a literature review on the reproductive traits that may affect gene flow in 
mangroves. In this chapter, a framework for genetic connectivity in mangroves was 
introduced and used to compare the reproductive traits across the four study species and infer 
their relative gene dispersal potential. The relative pollen and propagule dispersal potentials 
across species were used in the next chapter to investigate their influences on genetic 
connectivity.  
Chapter 4 is a comparative population genetics study to examine the relative influence of 
physical barriers and dispersal potentials on gene flow. I compared the gene flow patterns of 
the four study species with contrasting reproductive traits across the MP to determine (1) the 
effects of the MP as a barrier to gene flow and (2) if dispersal potential is a good predictor for 
gene flow in mangroves.   
Chapter 5 investigates the influence of geographic distance, the MP (as a land barrier) and 
ocean currents on the population subdivision in R. mucronata. The results in Chapter 4 
suggested that the MP might not be a land barrier to gene flow for R. mucronata. Therefore, 
this chapter examined the regional genetic structure of R. mucronata in a larger geographical 
area surrounding the MP to understand how the genetic structure is shaped. 
Chapter 6 concludes the thesis by synthesizing the results from all previous chapters.  
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Chapter 2: Microsatellite marker development for Avicennia alba, 
Sonneratia alba and Rhizophora mucronata 
 
2.1 Introduction  
 Mangroves are intertidal plants occurring in tropical and subtropical coasts. They have a 
widespread distribution (Tomlinson, 1986), owing largely to their high potential for water-
mediated long distance dispersal. Inclusion of population genetics in conservation and 
sustainable management of mangroves is increasingly important as mangrove forests are 
threatened by landward encroachment and habitat conversion (Duke et al., 2007). To 
understand the historical and contemporary genetic connectivity in such high gene flow 
plants, it is necessary to employ highly polymorphic molecular markers. Microsatellite 
markers are highly useful for genetic tools that can be applied to forest conservation and 
management (Lefort et al., 1999; Tsumura et al., 2005).  
In this chapter, I report on the isolation and characterisation of microsatellite markers for 
three of the most common mangrove species in the Indo-West Pacific (IWP) region: 
Avicennia alba, Sonneratia alba and Rhizophora mucronata (Polidoro et al., 2010). Marker 
development was not necessary for Bruguiera gymnorhiza, as 33 microsatellite loci have 
been previously isolated (Sugaya, 2003; Islam et al., 2006; Molecular Ecology Resources 
Primer Development et al., 2011). Six nuclear microsatellite markers have been previously 
developed for A. alba (Teixeira et al., 2003). However, additional loci are necessary to study 
its genetic structure in detail within the IWP region. No microsatellite markers had been 
developed for S. alba and R. mucronata prior to this study.  
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The markers for these three species are expected to be used widely in studies across the IWP 
since, as true mangrove species, A. alba, S. alba and R. mucronata are important components 
of the mangrove ecosystems in terms of structure, composition and ecology. These species 
differ in pollination syndrome as well as potential dispersal distances (Tomlinson, 1986). 
These ecological differences would be expected to lead to inter-specific variation in gene 
flow and genetic structuring, a topic will be explored in subsequent chapters. 
2.2 Materials and methods 
Genomic DNA of A. alba, S. alba and R. mucronata was extracted from dried leaf tissue with 
a modified version of the Cetyl trimethylammonium bromide (CTAB) extraction method. For 
each species, a microsatellite-enriched genomic library of an individual from Singapore was 
constructed by using a technique for isolation of compound microsatellite markers (Lian et 
al., 2006). Genomic DNA was digested using six blunt-end restriction enzymes—HaeIII, 
PvuII, AluI, SspI, EcoRV and ScaI—followed by ligation to a specific blunt adapter (Lian et 
al., 2001) using a T4 DNA Ligation kit (Toyobo, Osaka, Japan). PCR amplification of the 
ligation products was carried out in 25 µL reaction volume containing the solution of ligated 
fragments, 4 µL; 1x ExTaq buffer with 2mM MgCl2; dNTPs, 250 µM each; compound 
microsatellite primer (AC)6(AG)8 and adapter primer AP2 (5′-
CTATAGGGCACGCGTGGT-3′), 0.5 µM each; and ExTaq (TaKaRa, Shiga, Japan), 1 unit. 
The PCR conditions were: initial denaturation (95°C for 1 min), followed by 35 cycles of 
denaturation (95°C for 45 s), annealing (55°C for 45 s), and extension (72°C for 1 min), and a 
final extension step (72°C for 15 min). Amplified fragments were cloned using TOPO TA 
Cloning Kit (Invitrogen, Carlsbad, California, USA). The plasmid DNA obtained was then 
amplified with illustra TempliPhi DNA Amplification Kit (GE Healthcare, Tokyo, Japan) and 
sequenced using M13R primer on an ABI 3130xl automated DNA sequencer (Applied 
Biosystems, Foster City, California, USA) with the BigDye Terminator v3.1 Cycle 
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Sequencing Kit (Applied Biosystems, Foster City, California, USA) under standard 
conditions.  
Unique fragments containing the (AC)6(AG)n compound microsatellite sequence at one end 
were selected for amplification test. Specific primers were designed using the Primer3 
software (Rozen & Skaletsky, 1999). At the 5′ end of the primers, seven nucleotides 
(GTTTCTT) were added to promote adenylation in the 3′ end of PCR amplified products. A 
set of universal primers (AC)6(AG)5 were labeled with one of four fluorescent dyes, 6-FAM, 
VIC, NED and PET (Applied Biosystems). Each universal primer was then used in PCR 
amplification for polymorphism screening together with a specific primer designed in the 
previous step. PCR amplification was carried out in 10 μL reaction volume containing 
template DNA, 40 ng; 1×PCR buffer (i-DNA, Singapore); dNTPs, 400 μM each, Mg2+, 2.5 
mM; fluorescently-labeled primer, 0.2 μM; specifically-designed primer, 0.2 μM and iTaq 
DNA polymerase (i-DNA, Singapore), 0.25 U. The PCR conditions were: initial denaturation 
(94°C for 5 min), followed by 35 cycles of denaturation (94°C for 45 s), annealing (55°C for 
45 s), and extension (72°C for 45 s), followed by a final extension step (72°C for 10 min). 
Genotyping of PCR products were conducted with an ABI 3130xl automated DNA sequencer 
(Applied Biosystems) under standard conditions. Results were analyzed with GeneMapper 
v4.1 (Applied Biosystems).   
Amplified loci were used in polymorphism test with individuals collected from the east, west 
and south of the Malay Peninsula (MP), as represented by one population from Trang 
(7.32021N, 99.49091E), Nakhon Si Tammarat (8.47720N, 100.16003E) and Singapore 
(1.44975N, 103.72785E). To ensure time- and cost-efficiency, the polymorphism test was 
first carried out with a subsample of three individuals from each of the three populations. 
Monomorphic loci with strong and specific amplification (i.e. identified by clear peak with 
high intensity) were compiled and reported in this study. Only loci that showed 
Chapter 2 Marker development 
17 
 
polymorphism among these nine individuals were tested with the rest of the samples from 
three populations.  
A total of 82, 58 and 38 individuals of A. alba, S. alba and R. mucronata, respectively were 
included to test for polymorphism. Linkage disequilibrium was tested using FSTAT 2.9.3 
(Goudet, 2001). The test for departure from Hardy-Weinberg equilibrium (HWE) was 
performed with GENEPOP 3.4V (Raymond & Rousset, 1995). Micro-Checker (Van 
Oosterhout et al., 2004) was used to test for null alleles in each locus for each population. 
Cross-amplifications were also carried out to test for the transferability of developed 
microsatellite markers to closely-related species. Microsatellite markers for A. alba were 
cross-amplified to Avicennia rumphiana and Avicennia officinalis; markers for S. alba were 
cross-amplified to Sonneratia ovata and Sonneratia caseolaris; markers for R. mucronata 
were cross-amplified to Rhizophora stylosa and Rhizophora apiculata. Two individuals from 
each species were tested using the experimental protocols described above. The homology of 
the microsatellite marker was confirmed with nucleotide sequences of the flanking regions. 
Cross-amplified markers were not tested for polymorphism. 
2.3 Results and discussion 
A total of 192 clones were sequenced for each species, of which 102, 155 and 159 were 
obtained for A. alba, S. alba and R. mucronata, respectively. Among these sequences, 65, 63 
and 113 primers were designed and tested for A. alba, S. alba and R. mucronata, respectively. 
Excluding monomorphic loci or those with excessive stutter peaks and low amplification 
intensity, four, four and three loci for A. alba, S. alba and R. mucronata, respectively showed 
clearly interpretable amplicons. The values for expected heterozygosity per population varied 
from 0.000 to 0.877 for A. alba, from 0.000 to 0.647 for S. alba and from 0.000 to 0.558 for 
R. mucronata (Table 2.1). No significant (p ≤ 0.001) linkage disequilibrium was found in all 
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loci. The test for departure from HWE showed significant (p ≤ 0.01) departure from HWE in 
locus AA18 for A. alba populations from east and south MP, locus RMu35 for the R. 
mucronata population from east MP and locus AA29 for A. alba population from west MP. 
Departure from HWE could be due to high levels of inbreeding or the presence of null alleles. 
Only AA18 from east MP showed evidence of null alleles in the Micro-Checker analysis. 
Seven out of the eleven developed markers were transferable to at least one other closely-
related species (Table 2.2). Eight monomorphic microsatellite loci—one for A. alba, two for 
S. alba and five for R. mucronata—that are isolated along with the eleven microsatellite 
markers are presented in Table 2.3. These loci were tested with nine individuals from three 
populations during the initial polymorphism test. These monomorphic loci may be useful for 




Table 2.1. Characteristics of the 11 dinucleotide microsatellite loci developed in this study; four for A. alba, four for S. alba and three for 
R. mucronata. Locus name, GenBank accession numbers, enzyme used in marker development process, primer sequence, repeat motif of the 






















NA HO HE 
AA18 JQ290307 PvuII atttgaaattgcgcataca (AC)6(AG)10 166-172 3 166-168 2 0.000 0.403*† 168 1 0.000 0.000 168-172 2 0.147 0.136* 
AA29 JQ290308 AluI ggccttgtacagaatgaaga (AC)6(AG)10 154-164 5 160-164 2 0.320 0.403 156-160 3 0.130 0.124* 154-160 2 0.176 0.208 
AA53 JQ290309 SspI cacatattcatacctccatga (AC)6(AG)10 131-139 3 131-139 3 0.640 0.607 131-135 2 0.043 0.043 135-139 2 0.029 0.084 























NA HO HE 
SA08 JQ290311 SspI tattttactaattaacttcatccac (AC)6(AG)12 247-253 4 253 1 0.000 0.000 247-253 3 0.565 0.647 247-253 4 0.619 0.630 
SA11 JQ290312 PvuII cttgtaatcttcgcttcgt (AC)6(AG)8 286-292 3 292 1 0.000 0.000 286-292 2 0.043 0.043 286-292 3 0.476 0.414 
SA15 JQ290313 AluI gaactcgaactcgaggaact (AC)6(AG)17 161-181 6 171 1 0.000 0.000 161-181 6 0.261 0.342 169-177 3 0.429 0.534 























NA HO HE 
RMu21 JQ290315 EcoRV tcctctttcctataatctgacc (AC)6(AG)18 113-127 3 113-127 3 0.500 0.518 113-127 3 0.333 0.558 113-127 2 0.111 0.105 
RMu35 JQ290316 HaeIII ccttatttgttggcttgct (AC)6(AG)19 216-220 3 218-220 2 0.500 0.375* 218 1 0.000 0.000 216-220 3 0.333 0.438 
RMu54 JQ290317 PvuII aagtcattgctgtccagttc (AC)6(AG)12 312-316 3 312-316 3 0.357 0.426 312-314 2 0.067 0.064 312-314 2 0.111 0.475 
                   
 
A, total number of alleles in the four population; NA, number of alleles; HO, observed heterozygosity; HE, expected heterozygosity; * Significant 
deviations from HWE (P<0.01); † Possible presence of null allele (as detected by Micro-Checker). The repeat motif is given for the cloned 
allele. 
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Table 2.2. Cross-amplification of microsatellite loci. from A. alba to A. rumphiana and A. 
officinalis; from S. alba to S. ovata and S. caseolaris; and from R. mucronata to R. stylosa 
and R. apiculata.  
A. alba   
Locus A. rumphiana A. officinalis 
AA18 - - 
AA29 + - 
AA53 - - 
AA54 + - 
S. alba   
Locus S. ovata S. caseolaris 
SA08 - - 
SA11 - - 
SA15 + + 
SA16 + - 
R. mucronata   
Locus R. stylosa R. apiculata 
RMu21 + + 
RMu35 + - 
RMu54 + + 
   
+, successful amplification with confirmed homology; -, no amplification. 
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Table 2.3. Monomorphic microsatellite loci isolated in this study; one for A. alba, two for 
S. alba and five for R. mucronata. Locus name, GenBank accession numbers, enzyme used 
in marker development process, primer sequence, repeat motif of the cloned allele, locus 
size in base pair (bp), are shown. 










AA48 JX644076 SspI catgtaggcatacgtgtttc (AC)6(AG)29 194 
 














SA29 JX644078 PvuII atcccattatctccatcca (AC)6(AG)8 104 
 










RMu18 JX644079 ScaI  tggtcattcattctgcttc (AC)6(AG)12 136 
 RMu29 JX644080 SspI gcttccttattcgtcttcag (AC)6(AG)15 252 
RMu76 JX644081 AluI attcagtgccttgatctgac (AC)6(AG)8 331 
RMu86 JX644082 PvuII  aaaagtgcatgatttacatgg (AC)6(AG)8 284 
RMu105 JX644083 HaeIII  ccacacaaatcaatatgcac (AC)6(AG)8 138 
 
2.4 Conclusions 
This study characterized four, four and three polymorphic microsatellite loci for A. alba, S. 
alba and R. mucronata, respectively. The markers can be effectively used in studies regarding 
the genetic diversity, spatial genetic structure and mating systems of these three mangrove 
species. The cross-amplification test revealed that seven out of 11 developed markers were 
transferable to at least one other closely-related species, indicating that these markers can be 
used in genetic studies of other mangrove species as well. 
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Chapter 3: The reproductive traits, dispersal potentials and their 
influence on gene flow: A review 
 
3.1 Introduction 
Gene flow in plants occurs via both pollen and seed dispersal among populations. A central 
challenge in studying genetic connectivity is to understand the underlying biological and 
environmental factors affecting these two processes. Life history traits, such as reproduction 
mode (Wang et al., 2012), breeding system (Nybom, 2004), dispersal mechanism (Hamrick 
& Loveless, 1989; Hamrick et al., 1993) and phenology (Hirao & Kudo, 2004) have a direct 
impact on demographic and reproductive processes among populations. On the other hand, 
environmental factors, such as altitude (Byars et al., 2009), habitat type (Müller‐Schärer & 
Fischer, 2001; Shimono et al., 2009) and even substrate type (Alvarez et al., 2009), may alter 
the spatial patterns of dispersal (via pollen and seed) and subsequently influence genetic 
connectivity among populations. The collective influence of these factors determines the 
magnitude, spatial scale and patterns of gene flow. 
In this chapter, I discuss the relevant literature to establish the link between reproductive 
traits and gene dispersal potential for the four study species. First, I describe the general 
reproductive traits of each species and discuss the relative importance of pollen versus 
propagule dispersal to gene flow. I then present a conceptual framework for gene flow in 
mangroves to guide the assessment of the influence of biological and environmental factors 
on gene flow. This framework chronologically outlines gene flow as the course of a “gene”— 
in the form of a pollen or a propagule—from the source to its destination. Finally, I evaluate 
the relative pollen and propagule dispersal potential of the four study species using the 
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reproductive traits presented in the framework. The relative dispersal potentials are later used 
in Chapter 4 to examine the association between reproductive traits and genetic connectivity.  
3.2 General reproductive traits of the study species  
Mangroves are derived from terrestrial ancestors and adapted to a harsh intertidal 
environment (Tomlinson, 1986). Though all mangroves have buoyant, water-dispersed 
propagules, the pollination syndromes found in mangroves remain largely similar to those in 
other terrestrial forests. The array of pollination syndromes found in mangroves is well-
represented among the four selected study species (Table 3.1). This can be observed from the 
diverse floral morphology across these species (Figure 3.1). Invertebrates pollinate most 
mangrove genera, including Avicennia, Ceriops, Kandelia, Nypa, Xylocarpus and the small-
flowered Bruguiera spp. (Tomlinson, 1986). A smaller portion of mangroves employ larger 
animals, such as nectarivorous birds (large-flowered Bruguiera spp.) and bats (Sonneratia) as 
pollinators. Rhizophora spp., with their fluffy petals, are thought to be wind-pollinated. 
Indeed, open, coastal habitat is perhaps one of only a few tropical environments that are 
conducive to wind pollination (Corlett, 2004). However, most mangroves have evolved low 
pollinator specialization and can be pollinated by an array of functionally similar animals. For 
example, Sonneratia spp. are generally pollinated by bats, but can also employ hawk moths 
as an alternative pollinator in areas with limited bat populations (Primack et al., 1981; 
Tomlinson, 1986). The occasional day-flowering of Sonneratia caseolaris in some locations 
may even indicate diurnal bird or insect pollination (Pandit & Choudhury, 2001). Even 
Rhizophora spp. with flowers suggestive of anemophily are visited by insects that may be 
involved in facultative pollination (Kondo et al., 1987).  
Though all mangrove propagules are dispersed via the same vector (i.e. ocean currents), the 
propagules differ markedly in shape and size owing to the variety in structural adaptations 
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that enable buoyancy and vivipary. The diversity in propagule morphology is well-
represented by the four study species (Table 3.1 and Figure 3.1). Tomlinson (1986) and 
Saenger (2002) describe various structures that are used in different mangrove species to 
facilitate flotation, including a corky testa (Sonneratia; see also (Das & Ghose, 2003), 
aerenchyma tissue within the hypocotyl (Rhizophora and Bruguiera) and a pericarp that 
potentially traps air before it is shed (Avicennia) (Tomlinson, 1986). Such morphological 
structures represent a substantial energy investment from mangroves (Farnsworth, 2000), 
considering the existing high energy expenditure to survive in a dynamic and stressful or 
disturbed intertidal environment. In addition, mangrove propagules differ in the stage of 
embryonic development while still attached to the parent tree. Vivipary (i.e. the embryo 
grows considerably and penetrates the pericarp prior to dispersal) is found in the 
Rhizophoraceae (including Rhizophora and Bruguiera) and in Avicennia. It is thought to 
evolve in mangroves due to the lack of selection on the size of water-dispersed propagule and 
the necessity to overcome obstacles for seed germination in a saline habitat (Elmqvist & Cox, 
1996). In Avicennia, the developed zygote does not penetrate the pericarp prior to dispersal, 
thus is categorized as “cryptovivipary” (Tomlinson, 1986). Other species, like Sonneratia, do 








Figure 3.1. Flowers (left) and propagules (right) of the four study species. (A) A. alba, 




Table 3.1. Comparison of pollination mechanism, breeding/mating system and propagule traits among the four study species. 
 
AA, A. alba; SA, S. alba; BG, B. gymnorhiza; RM, R. mucronata. 
E, enthomophily, insect pollination; Z, zoophily, vertebrate pollination; A, anemophily, wind pollination; * data from sister species.  












Honeybee, flies, cantherid 









Cryptovivipary 3 cm 
(Tomlinson, 1986; Clarke & 
Myerscough, 1991b; Hill, 
1992; Kathiresan & 
Bingham, 2001; Ghosh et 
al., 2008) 
SA E & Z 
Flying fox and other 







No vivipary 1 cm 
(Start & Marshall, 1976; 
Gould, 1978; Primack et 
al., 1981; Tomlinson, 1986; 
Li & Chen, 2004; Yao et 
al., 2006; Lee et al., 2009)  
BG E 
Honeyeaters and sunbirds. 
Honeybee. 
Self-compatible. 
Outcrosser with high 
allogamous 
fertilization.  
 Seedling Vivipary 18 cm 
(Tomlinson et al., 1979; 
Tomlinson, 1986; Kondo et 
al., 1987; Noske, 1993; 
Clarke et al., 2001; Tyagi, 
2002; Yao et al., 2006) 
RM A & E 
Bees, thrips, and other 
insects.* 
Self-compatible. Weak 
protandry may favour 
outcrossing.  
 Seedling Vivipary 57 cm 
(Tomlinson et al., 1979; 
Tomlinson, 1986; Juncosa 
& Tomlinson, 1987; Kondo 
et al., 1987; Komiyama et 
al., 1992; Ghosh et al., 
2008) 
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3.3 Importance of pollen versus propagule to gene flow 
The relative contribution of pollen versus seed dispersal to genetic connectivity is integral to 
understanding how gene flow is achieved. Unequal contribution between pollen and seed—
resulting from different effectiveness of the dispersal vectors—is common in plants. For 
example, gene flow via pollen is typically more important than via seed in wind-pollinated, 
gravity-dispersed plant species (Petit et al., 2005), especially in defining the effective 
neighbourhood size and fine-scale genetic structure (e.g. Bittencourt & Sebbenn, 2007; 
Nakanishi et al., 2008). However, the reverse may be true for plant species with fleshy fruits 
that are dispersed by highly mobile vertebrates that can disperse seeds over long distances 
(e.g. Oddou‐Muratorio et al., 2001; García et al., 2007). Therefore, the spatial extensiveness 
of the dispersal vector is a key determinant of the relative importance of pollen versus seed in 
gene flow. 
Propagule dispersal is arguably more important to gene flow in mangroves than pollination, 
due to the disparity in dispersal distance between the two processes. Dispersal via ocean 
currents has one of the largest potential spatial ranges; it is predicted to be at least one order 
of magnitude larger than dispersal by wind and large animals (Nathan et al., 2008). Thus, 
mangrove propagules have a high potential for long distance dispersal (LDD). Several studies 
have discussed the role of LDD of propagules in mangrove colonization (Duke et al., 2002; 
Geng et al., 2008) and the maintenance of genetic exchange among mangrove populations 
(Chiang et al., 2001; Liao et al., 2009). Although the vast majority of dispersed propagules 
would be retained within a population and travel less than a kilometre from the source 
(Komiyama et al., 1992; Clarke, 1993; Steinke & Ward, 2003; Sengupta et al., 2005; Geng et 
al., 2008), a small proportion could be expected to be exported and dispersed over large 
distances. For example, A. marina propagules were observed to strand at 10 to 50 km from 
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the nearest source (Clarke & Myerscough, 1991a; Clarke, 1993). Genetic studies have 
suggested that mangrove propagules may even traverse trans-oceanic distances (Chiang et al., 
2001; Dodd et al., 2002; Nettel, 2007; Takayama et al., 2013). Furthermore, natural 
colonization of mangroves on remote oceanic islands in the Indian and South Pacific Oceans 
are direct testimonies that rare dispersal events may extend across thousands of kilometres 
(Takayama et al., 2013). In contrast, long distance pollen transport in tropical forests is 
limited to wind pollination (e.g.Kaufman et al., 1998) and highly-specialized plant-animal 
mutualism (e.g. Nason & Hamrick, 1997); and even then it is generally limited to within 50 
km. Therefore, the spatial scale for propagule dispersal in mangroves is very likely several 
orders of magnitudes higher than pollination.  
The importance of propagule dispersal in maintaining genetic connectivity is further 
highlighted by the fact that mangroves have a naturally fragmented distribution. The higher 
the degree of fragmentation, the more important it is for LDD to mediate gene flow (Pearson 
& Dawson, 2005). In mangroves, the potential for LDD is higher in propagules than in 
pollen, not only because dispersal via ocean currents has a larger spatial range, but also 
water—as an abiotic vector—is not hindered/deterred by the landscape matrix between 
fragments in a way that animals (biotic vectors) might be (e.g. Steffan-Dewenter et al., 2002).  
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3.4 Conceptual framework for gene flow in mangroves 
Genetic connectivity among populations results from an accumulation of gene flow over 
time. In this conceptual framework, gene flow in mangroves is described as a hierarchical, 
mechanistic process comprising of pollen- and propagule-mediated gene dispersal (Figure 
3.2). Pollen/propagule production dictates the number of genetic units available for dispersal, 
thus it represents the source population’s contribution to gene flow. The dispersal process 
determines the spatial distribution of pollen/propagule across the landscape. Successful 
fertilization of flowers or the establishment of a dispersed propagule at the destination 
population marks an effective gene flow event. Not all dispersal events results in gene flow. 
For example, propagules that lost their viability or sink while at sea and those that are 
dispersed to unsuitable habitat do not contribute to gene flow.  
As I hypothesize that propagule dispersal possibly contributes more to gene flow than pollen 
dispersal, this framework focuses more on the propagule dispersal process and its drivers. By 
taking a mechanistic approach to understanding gene flow, this framework enables the 
analysis of individual component of the process and evaluation of its contribution to total 
gene flow. Here, the framework is used to assess the relative gene dispersal capabilities of A. 
alba, S. alba, B. gymnorhiza and R. mucronata. 
 
  




Figure 3.2 Conceptual framework of gene flow via pollen and propagule exchange 
among populations. Both pollen and propagule dispersal events comprise of three 
sequential processes—the production of pollen or propagule at the source, dispersal from 
source to sink and the fertilization (for pollen) or establishment (for propagule) at the sink 
population. Pollen dispersal involves either biotic (animal) or abiotic (wind) vectors; 
propagule dispersal involves a universal, abiotic vector: water. Propagule dispersal can be 
further divided into three stages: initiation, transport and termination. The intrinsic and 
extrinsic drivers of gene flow are listed as bullet points.  
 
3.5 Pollen dispersal 
Pollen-mediated gene flow is lowest in predominantly selfing plants, followed by animal-
pollinated and lastly wind-pollinated plants (Govindaraju, 1988). By this broad 
generalization, it is expected that R. mucronata has more extensive pollen dispersal than the 
other animal-pollinated study species. However, wind pollination is uncommon in the tropics; 
it is favoured in temperate region where dense plant population can be found across large 
contiguous forests and a stable animal pollinator population is absent (Friedman & Barrett, 
2009). Furthermore, recent evidence support that the efficiency of wind pollination is low in a 
fragmented landscape (Knapp et al., 2001; Sork et al., 2002). Considering that mangroves 
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have naturally fragmented distribution, it is then reasonable to expect that R. mucronata 
actually has more restricted pollen dispersal than the other species.   
As for the other three species which are animal-pollinated, the efficiency of pollen transfer 
depends not only on the mobility, but also the abundance and diversity of pollinators.  
3.5.1 Pollinator mobility 
Pollinator mobility encompasses the home range, flight pattern and fidelity of the pollinator 
to a certain habitat type. Mangrove habitats are interspersed by the landscape matrix (e.g. 
other forest types and agricultural areas). Only pollinators with behavioral adaptability to 
traverse or utilize other habitats in the landscape matrix can disperse pollen between 
populations. The matrix can be an effective barrier to inter-population movement for animals 
that lack the behavioral adaptations to travel across inhospitable landscape, thus limiting the 
foraging range of pollinators to within a forest patch (Saunders et al., 1991).  
Large animals have a higher tolerance toward the heterogeneous landscape and are capable of 
longer flights than small animals. Flying foxes (Pteropodidae) are one of the most important 
pollinators in tropical ecosystems (Cox et al., 1991) and are capable of utilizing a wide range 
of habitat types, including peri-urban land. The fruit- and nectar-feeding large flying fox 
(Pteropus vampyrus)—an important pollinator of S. alba—roosts mainly in mangroves and 
rainforests, but was found to occupy orchards, upland forests, coastal areas and even forests 
disturbed by a naval installation and forest product extraction up to 12 km from the roosting 
site (Mohd-Azlan et al., 2001; Mildenstein et al., 2005; Lee et al., 2009). A recent study 
demonstrated high mobility in this species, which was found to occupy a home range 
spanning several hundred kilometres (Epstein et al., 2009). The heterogeneous landscape 
does not appear to represent a significant barrier for some bat pollinators. The wide foraging 
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range and adaptability of nectarivorous bats suggests that genetic connectivity via pollen 
transfer by bat pollinators is potentially extensive.  
Bird pollinators in mangroves consist of both habitat generalists and specialists. Specialist 
birds, including the mangrove honeyeater (Lichenostomus fasciogularis), varied honeyeater 
(Lichenostomus versicolor), mouse-brown sunbird (Anthreptes gabonicus), copper-throated 
sunbird (Nectarinia calcostetha), red-headed myzomela (Myzomela erythrocephala), 
mangrove hummingbird (Amazilia boucardi) and saphire-bellied hummingbird (Lepidopyga 
lilliae) (Luther & Greenberg, 2009), are rarely found beyond the mangrove. In contrast, 
habitat generalists such as the Olive-backed sunbird (Nectarinia jugularis) and Brown-
throated sunbird (Anthreptes malacensis) can be found in disturbed habitats such as urban 
areas, plantations, secondary forests and logged forests (Riley, 2002; Sodhi et al., 2005; 
Cleary et al., 2007; Vallejo et al., 2008; Maas et al., 2009). These generalists are able to 
utilize alternative habitats and could travel further.   
Insect-pollination, the most common pollination mechanism in mangroves, can be hindered 
by a heterogeneous landscape (Didham et al., 1996). An open landscape of as little as 100 m 
between forested areas can be an effective barrier for Euglossine bees (Powell & Powell, 
1987). In insects, foraging distance increases with body size (Steffan-Dewenter & 
Tscharntke, 1999), suggesting that smaller-bodied invertebrates may lack the ability to travel 
across resource-poor matrices as compared to larger-bodied invertebrates. Thus, pollen-
mediated gene flow is expected to be more limited in species with small invertebrate 
pollinators (e.g. Avicennia) than those with large-bodied pollinators (e.g. Sonneratia).  
3.5.2 Pollinator abundance and diversity 
The extent of pollen-mediated gene flow not only depends on how far the pollen can be 
transported, but also the abundance and diversity of the pollinators. Abundance and diversity 
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determine the site-specific variation in pollination efficiency within a species. For example, a 
healthier, more pristine habitat can support a higher abundance and diversity of flower-
visiting insects, potentially leading to more flower visitations than a degraded habitat 
(Jennersten, 1988; Aizen & Feinsinger, 1994; Steffan-Dewenter & Tscharntke, 1999; 
Goverde et al., 2002). Similar trends are seen with vertebrate pollinators. The population size 
of the large flying fox (Pteropus vampyrus) depends on the available forest habitat and food 
source (Mohd-Azlan et al., 2001). A site-specific reduction or loss of pollinator populations 
may result in fewer pollination events and lower pollen diversity, leading to a disruption of 
plant-pollinator mutualism and reduced pollen-mediated gene flow.  
A diverse pollinator assemblage ensures consistent and stable pollination. As discussed 
previously, mangroves evolved low pollinator specialization that can be pollinated by 
functionally similar animals. For example, Bruguiera exaristata is mainly pollinated by the 
olive-backed sunbird and honeyeaters in northeastern Australia; and by the red-headed 
honeyeater in northwestern Australia (Noske, 1993). Such flexibility in pollinator assemblage 
implies that the extent of pollen dispersal among populations can be region-specific, 
depending on the major pollinators employed.  
3.6 Propagule production 
The number of propagules available for dispersal in a population depends on the population 
size, the average individual fecundity (i.e. average number of propagules per tree) and 
phenology (i.e. the seasonality of fruiting). Species with higher fecundity and larger 
population have larger number of emigrants compared to species with lower fecundity, thus 
having a higher number of dispersal events, more long-distance colonization (Higgins et al., 
1999; Henle et al., 2004) and higher gene flow.  
 




In mangroves, fecundity varies greatly across species according to trade-offs between 
propagule size and reproductive output. This can be easily observed by comparing propagule 
traits across the principal mangrove genera. High fecundity is a typical pioneer strategy 
(Swaine & Whitmore, 1988) and can be observed in pioneer mangrove genera such as 
Sonneratia (Lythraceae), Avicennia (Acanthaceae) and Laguncularia (Combretaceae) (Friess 
et al., 2012). Sonneratia produces fruits that contain more than 100 seeds that are released 
once the fruit disintegrates after prolonged immersion in saline or brackish water (Ball & 
Pidsley, 1995). Large-crop Avicennia marina trees were found to produce more than 2,000 
propagules per tree annually, though this number is likely to vary across tree age and 
geographical location (Clarke, 1992). In contrast, non-pioneer Rhizophora spp. 
(Rhizophoraceae) exhibit relatively low fecundity due to high investment into propagule 
tissue. Fecundity can be estimated from data on the biomass of propagules. For example, R. 
mucronata was found to produce a lower biomass of reproductive parts than A. marina 
(Amarasinghe & Balasubramaniam, 1992; Shunula & Whittick, 1999). Given that propagules 
of A. marina are much smaller than those of R. mucronata—3 cm in A. marina (Clarke et al., 
2001) as compared to 70 cm or more in R. mucronata (Tomlinson, 1986)—this indicates that 
R. mucronata produces lower number of propagules, thus having a lower fecundity, than A. 
marina. Relative fecundity of all four study species is summarized in Table 3.2. 
The realized fecundity might be lower than the number of propagules produced in the 
population due to damage and mortality caused by predation (Robertson et al., 1990; Clarke, 
1992). Propagule predation—by insect infestation and crab herbivory—is a common 
phenomenon in mangroves, accounting for a global predation rate of 23% across species 
(Farnsworth & Ellison, 1997). When predation is sufficiently high it could even lead to a 
failure in dispersal (Robertson et al., 1990; Clarke, 1992). Although predation in some 
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species might increase buoyancy of propagules by introducing air-filled space, and thus may 
contribute to higher dispersal potential, this advantage is offset by various impairments it 
causes, such as premature abscission from the parent tree (Clarke, 1992) and damage or 
decay of propagules (Farnsworth & Ellison, 1997; Minchinton, 2006). The level of propagule 
predation is highly variable across sites—as high as over 90% in some areas (Farnsworth & 
Ellison, 1997; Krauss & Allen, 2003)—depending on the predator guild, density of 
conspecific seedlings, tidal level and species composition of a particular mangrove stand 
(Farnsworth & Ellison, 1997; Dahdouh-Guebas et al., 2011). Therefore, in reality, a reliable 
estimation of fecundity would have to take into consideration the level of predation in the 
population.  
3.6.2 Phenology 
The phenology of propagule production introduces a temporal effect on propagule dispersal. 
It dictates the onset of dispersal and indirectly influences the seasonal tidal amplitude and 
ocean currents that a propagule may encounter (Mitarai et al., 2009); see also 
“Hydrodynamics” in section 2.4.3.2). As mangroves are situated in high-stress and 
disturbance-prone areas, strategic resource allocation could be important for survival and 
propagation (Alleman & Hester, 2011). Phenology of propagule production may respond to 
several environment cues, such as day length (Duke, 1990), air temperature (Leach & Burgin, 
1985; Saifullah et al., 1989; Duke, 1990), hydrology (Naidoo, 1989) and soil salinity (e.g. 
Mehlig, 2006). Due to the myriad of environmental determinants that govern phenology in 
mangroves, it can be highly species (Wium-Andersen, 1981; Sasekumar & Loi, 1983) and 
location-specific (Wium-Andersen, 1981; Amarasinghe & Balasubramaniam, 1992).  
Avicennia spp. consistently showed distinct seasonality in propagule production across sites 
in Africa and Asia, though the reproductive months in each site differed (Sasekumar & Loi, 
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1983; Steinke & Charles, 1984; Amarasinghe & Balasubramaniam, 1992; Shunula & 
Whittick, 1999). The phenology of S. alba, B. gymnorhiza and R. mucronata were less 
resolved. For S. alba, seasonality was observed in Africa (Steinke & Charles, 1984; Shunula 
& Whittick, 1999) but not in the Malay Peninsula, where propagules were produced 
throughout the year (Sasekumar & Loi, 1983). In contrast, seasonality was observed in R. 
mucronata in Sri Lanka and Tanzania (Amarasinghe & Balasubramaniam, 1992; Shunula & 
Whittick, 1999), but not in the Malay Peninsula (Sasekumar & Loi, 1983). For B. 
gymnorhiza, no data was available for Malay Peninsula. However, in Africa, seasonality was 
observed in South Africa (Steinke & Charles, 1984) but not Tanzania (Shunula & Whittick, 
1999). Therefore, it can be inferred that in the Malay Peninsula, phenology might affect the 
fine-scale gene flow of A. alba and R. mucronata.  
3.7 Propagule dispersal 
Dispersal varies across species, locations, time and involves significant stochasticity. There 
are three chronological phases of dispersal—initiation, transport and termination—each with 
a set of drivers that could influence the distance and direction of dispersal (Fig. 2.1, see also 
(Nathan et al., 2008). In the intitiation phase, the propagule detaches from the parent tree and 
thus marks the onset of the dispersal process. The transport phase begins with the export of 
the propagule, followed by its movement from source to sink population. The termination 
phase occurs when the propagule is deposited at the sink population.  
3.7.1 Initiation of dispersal 
Propagule export from the source population is constraint by (i) the degree of flooding 
(access to the dispersal vector), and (ii) the likelihood of a propagule encountering structural 
obstacles e.g. roots) that may prevent export. Both of these drivers are closely linked to the 
relative position of a parent tree in the mangrove. In many locations, mangroves exhibit a 
Chapter 3 Reproductive traits and dispersal potentials 
37 
 
characteristic species distribution along the intertidal and estuarine gradient. This 
characteristic distribution (i.e. zonation) differs regionally, depending on species-specific 
tolerances to physical processes such as tidal flooding and salinity, or biological factors such 
as propagule import or herbivory (Smith III, 1992; Duke et al., 1998a). In Southeast Asia, 
pioneer genera Sonneratia and Avicennia are often found on the mangrove forest's seaward 
edge, with more species-diverse communities comprising members of the Rhizophoraceae, 
Lumnitzera, Xylocarpus and other mangrove associate species at the back of the mangrove at 
higher elevations (Watson, 1928; Duke et al., 1998a; Lewis III, 2005). In contrast, in the 
Neotropics pure stands of Rhizophora are found at the seaward edge while Avicennia and 
Laguncularia are found at the mid- to upper-intertidal area (Sousa et al., 2007). The zonation 
in mangroves results in differences in tidal flushing and propagule retention across species. 
3.7.1.1 Tidal flushing 
The initial movement of propagules, especially within short distances, is driven by tidal 
flushing (Clarke, 1993). Mangrove species distribution interacts closely with it—species 
located at the higher intertidal zone is flooded less frequently during the tidal cycle, thus the 
propagules are less likely to be exported (McGuinness, 1997). The position of the parent tree 
along the intertidal gradient affects the export potential of the propagule. In Hawaii, poor 
tidal flushing in the interior of mangrove forests was hypothesized to partly explain the 
reduced export and spread observed in Bruguiera sexangula, a species largely found in the 
interior, as compared to Rhizophora mangle, which is found in the mid-intertidal position and 
close to creek edges (Allen & Krauss, 2006). Among the four study species, A. alba and S. 
alba are pioneers located at the seaward, lower intertidal zone, while B. gymnorhiza and R. 
mucronata are located at higher elevation in the forest interior (Duke et al., 1998a). 
Therefore, the former two species are expected to encounter more tidal flushing and thus 
have a higher export potential, than the latter two species.    
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3.7.1.2 Retention  
Above-ground root structures and debris (Krauss et al., 2005) may act as trapping agents 
preventing propagule export. Compared to propagules of seaward mangrove species, 
propagules of interior species have to traverse more trapping agents before reaching creeks or 
rivers leading out of the source population (Sousa et al., 2007). Propagule retention depends 
on the size of the propagule and the density of the forest roots. For example, propagules of R. 
mucronata were retained within the forest patch more than propagules of Ceriops tagal, 
which are smaller in size (De Ryck et al., 2012). Similar observations were made in salt 
marshes, whereby retention of marsh seeds was greater in areas with higher vegetation 
density, resulting in shorter dispersal distance (Redbo‐Torstensson & Telenius, 1995; Chang 
et al., 2008). Considering the propagule size and zonation of the four study species, A. alba 
and S. alba are less likely to be retained within the mangrove forest than B. gymnorhiza and 
R. mucronata. 
3.7.2 Transport  
Once the propagule is exported from the source population, the direction and distance of 
dispersal is controlled by the flotation characteristics of the propagule and local 
hydrodynamics. The direction of dispersal is primarily influenced by the flow directionality 
of the water, while the dispersal distance is influenced by a combination of water velocity and 
the buoyancy of the propagule.  
3.7.2.1 Flotation 
The propagule flotation period differ markedly across species and is often used as a proxy to 
dispersal potential (Clarke et al., 2001; Ye et al., 2004; Allen & Krauss, 2006). The highest 
empirical record is 150 days for both Heritiera littoralis (Ye et al., 2004) and R. mucronata 
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(Drexler, 2001). In contrast, propagules of Aegiceras corniculatum mostly sink regardless of 
the salinity (Clarke et al., 2001).  Research has suggested that larger propagules with greater 
mass float longer than those with smaller, lighter propagules (Clarke et al., 2001; Ye et al., 
2004; Allen & Krauss, 2006), possibly because it has more maternal storage for longevity and 
larger adaptive structures for buoyancy. Species with the heaviest propagules—including R. 
mangle, R. mucronata, R. stylosa., B. gymnorhiza, H. littoralis and Xylocarpus 
mekongensis—have the longest flotation period (Clarke et al., 2001; Ye et al., 2004; Allen & 
Krauss, 2006; Steele, 2006) The maximum flotation period of a species could be a direct 
indication of its potential for long distance dispersal (Shanks et al., 2003); the longer a 
propagule can remain afloat, the further it can be carried by ocean currents. Thus, species 
with large propagules are deduced to have longer dispersal distance than species with small 
propagules. Among the four study species, B. gymnorhiza and R. mucronata have longer 
flotation period (mean and median) than A. alba. Flotation data for S. alba is not available, 
due to the difficulty in emulating fruit decay in experimental settings to release the buoyant 
seeds. Considering the small size of S. alba seeds, it is reasonable to expect them to have a 
short flotation period.  
3.7.2.2 Hydrodynamics 
As mangrove propagules are water-dispersed, hydrodynamics is a crucial determinant of the 
spatial distribution of dispersal. Predictions of the directionality of propagule dispersal 
require a thorough understanding of oceanography and the hydrological connectivity among 
populations. As discussed in the previous section, local propagule dispersal is influenced by 
the tidal cycle (Rabinowitz, 1978; Sousa et al., 2007). At a landscape level, directionality of 
the ocean currents—and the propagules that it carries—is affected by monsoons and seasonal 
changes in trade winds. For example, large differences in wind direction can be observed 
between the northeast and southwest monsoons in Southeast Asia, to the effect that the 
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direction of water flow in the South China Sea is completely reversed between these two 
monsoonal seasons (Fang et al., 2009). Similar annual reversal of ocean currents can be 
observed in northwestern Australia (Condie & Andrewartha, 2008), the Solomon Islands, 
southwestern Pacific (Hristova & Kessler, 2012) and the western Gulf of Mexico (Zavala-
Hidalgo et al., 2006). Therefore, the pathway for propagule dispersal in the open sea is 
largely determined by regional current directionality and the timing of propagule release 
(phenology).  
3.7.3 Termination of dispersal 
The termination phase marks the end of the dispersal process. Propagule deposition at the 
sink population is facilitated by the presence of propagule-trapping structures on the shore. 
Once stranded, transition into the establishment phase will depend on whether the propagule 
is still viable and has passed its obligate dispersal period.  
3.7.3.1 Stranding 
Existing evidence suggests that propagule deposition at the mudflat or mangroves is normally 
non-random. Dense aggregation of propagules brought by incoming tides can be observed on 
the landward side of obstacles (e.g. fallen logs) and at strandlines (Sousa et al., 2007). 
Presence of these propagule-trapping agents could alter the spatial pattern of dispersal 
(Levine & Murrell, 2003). The significance of trapping agents in mangroves is highlighted by 
the tidal sorting hypothesis, which explains that differential deposition of propagules along 
the tidal elevation gradient is according to propagule size (Rabinowitz, 1978). Consequently, 
the topography and structures which trap propagules could affect the realized distribution of 
dispersed propagules.  
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3.7.3.2 Obligate dispersal period 
An obligate dispersal period (ODP) can be observed in some mangrove species, whereby 
propagules will only initiate establishment after a certain period of time post-abscission 
(Rabinowitz, 1978). The end of the ODP is usually signified by the initiation of root growth 
(Clarke, 1993). This mechanism of prolonged dormancy might increase the dispersal 
potential of propagules by postponing establishment of propagules. If a propagule is within 
its ODP when deposited, it could be easily flushed out again and secondary dispersal could 
take place. The ODP varies across species but it usually corresponds to the flotation period—
species with longer flotation period have a longer ODP (Table 2.1).  
3.7.3.3 Viability 
Besides physical factors such as water velocity and direction, dispersal distance is determined 
by the viability and the flotation time of the propagule, whichever is shorter. For instance, B. 
sexangula propagules can remain viable up to 63 days of submersion in seawater, but only 
approximately 5% will still be floating by then (Allen & Krauss, 2006). In this case, the 
flotation period will be the determining factor for dispersal distance. Evidence suggests that 
maximum viability should be as long as, if not more than, the flotation period (Clarke & 
Myerscough, 1991a; Clarke, 1993; Clarke et al., 2001; Allen & Krauss, 2006). Therefore, the 
dispersal distance will be primarily limited by the flotation period. The longest viability was 
recorded for A. marina—most propagules were viable after 5 months with some maintaining 
viability up to 7 months in seawater (Clarke, 1993). Owing to the tendency for propagules to 
rot in seawater, viability was observed to be longer in freshwater (Rabinowitz, 1978). The 
proportion of propagules that lose viability over time varies across species. The loss of 
viability was observed to be exponential in Rhizophora apiculata, and logarithmic in 
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Avicennia spp. (Rabinowitz, 1978; Clarke & Myerscough, 1991a; Clarke, 1993; Drexler, 
2001).   
As propagules have limited viability which decreases over time, there is a window of 
opportunity for biologically significant dispersal. This window of opportunity begins at the 
end of the ODP and extends until the maximum viability period. Dispersal events that 
terminate at a sink population within this time frame are regarded as biologically significant, 
as the deposited propagules are viable and can initiate establishment. Successful 
establishment depends on whether the requirements for the “physical” window of opportunity 
are met (Balke et al., 2011). The biological window of opportunity is crucial in determining 
the dispersal distance of viable propagules. Viable propagules can gain dispersal distance 
within the maximum flotation period, by the end of which they are either lost at sea or 
deposited at the sink population. Assuming that the longer a propagule is floating the further 
it travels, species with an exponential loss of viability will have less propagules found in 
longer distances than species with a logarithmic loss of viability. 
3.8 Establishment 
Tolerance of harsh conditions. The harsh environmental conditions of the coastal intertidal 
area present unique natural bottlenecks and thresholds for establishment (Friess et al., 2012). 
Conditions favourable for establishment is the first step for migrants being able to settle, 
survive and reproduce. Krauss et al. (2008) provided a comprehensive overview of the biotic 
factors (e.g. herbivory, seedling growth rates) and abiotic factors (e.g. temperature, carbon 
dioxide, salinity, light, nutrients, flooding, sea-level rise) which influence seedling 
establishment and early development. Stranded propagules have to survive long inundation 
periods, hydrodynamic drag forces (Balke et al., 2011; Friess et al., 2012), high salinity 
(Jayatissa et al., 2008) and herbivory (Delgado et al., 2001) in order to establish. Specifically, 
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a window of opportunity to overcome three major thresholds is required—an inundation-free 
period after stranding for rapid root fixation, sufficiently long roots to withstand tidal and 
wave action, and even longer roots to outlive removal of sediment around the seedling due to 
mixing or erosion of the upper sediment layer (Balke et al., 2011; Balke et al., 2013). 
Mangrove species have varying abilities to adapt to post-dispersal challenges such as 
propagule predation, high salinity and inundation (Delgado et al., 2001; Jayatissa et al., 
2008). Propagules and seedlings of pioneer species such as Avicennia spp., Sonneratia spp. 
and Laguncularia racemosa possess traits to facilitate establishment at the pioneer zone of 
the mangroves, including shade intolerance, lack of seed dormancy, halophytic, high 
tolerance to regular inundation and resistance to wave energy (Friess et al., 2012).  
Tolerance of low nutrient availability. Low nutrient availability is separated from the general 
“harsh conditions” because the physiological characteristics which contributes to this is very 
different, including relative biomass allocation between roots and shoots, high maternal 
reserve and nutrient conservation traits such as nutrient resorption of senescing tissue, 
efficiency of photosynthesis and sclerophylly (i.e. development of thickened, hardened 
foliage) (Krauss et al., 2008a). These traits are higher in Rhizophoraceae than other 
mangrove families.  
3.9 Summary: predicted implications of relative gene dispersal potential on genetic 
connectivity 
Gene dispersal potential—as inferred from the potential distance and magnitude of pollen and 
propagule dispersal—can be used to make predictions on gene flow among populations. The 
framework presented in this study was employed to assess the relative gene dispersal 
potential of A. alba, S. alba, B. gymnorhiza and R. mucronata, by assuming no site- and 
temporal-specific biases in any species. Factors such as phenology and hydrodynamics were 
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not considered, as it is less relevant to the relative gene dispersal potential across species. A 
summary of the biological differences across species is presented in Table 3.2.  
The four study species can be divided into two groups based on the mobility and 
effectiveness of the pollination vectors: (1) the vertebrate-pollinated group (S. alba and B. 
gymnorhiza), and (2) the invertebrate- or wind-pollinated group (A. alba and R. mucronata). 
Within group (1), it was predicted that S. alba will have more effective pollen dispersal than 
B. gymnorhiza because nectarivorous bats are stronger flyers (Muchhala et al., 2009) and 
could carry more pollen (Muchhala & Thomson, 2010) than birds. Within group (2), R. 
mucronata may have a higher potential than A. alba, as it can be pollinated by both 
invertebrates and wind.  
Similarly, the four species can be categorized into two groups according to the propagule 
dispersal potential: (1) the viviparous group (B. gymnorhiza and R. mucronata) and (2) the 
crypto- or non-viviparous group (A. alba and S. alba). A. alba and S. alba are highly fecund 
pioneer species, with small propagules that are easy to be exported and capable of surviving 
harsh external conditions during propagule establishment. However, the propagules are not 
adapted for long distance dispersal. On the other hand, propagules of B. gymnorhiza and R. 
mucronata remain buoyant and viable for a long period of time, which renders them a high 
potential for long distance dispersal.   
The relative gene dispersal potential can be visualized as a simplified 2-D summary of the 
pollen and propagule dispersal potential, where both processes contribute equally to gene 
flow (Figure 3.3). Species with higher gene dispersal potential are expected to have higher 




Table 3.2. Pollen and propagule dispersal potentials of the four study species.  
 Pollen Propagule 
  Production Dispersal Establishment 
Species Mobility Fecundity Initiation Transport Termination Tolerance h 










AA ↓ ↑ ↑ ↑ ↓ ↓ ? ↑ ↓ 
 Insects  
L, M, H* 
D, I* 
 
Median: 5 days e 
Max: 34 days e 
Mean: 4 days * No data   
SA ↑ ↑ ↑ ↑ ↓ ? ? ↑ ↓ 




Median: no data 
Max: no data 
No data No data   
BG ↑ ↓ ↓ ↓ ↑ ↑ ↑ ↓ ↑ 
 Birds  
M & H 
D & I 
 
Median: 14 days e 
Max: 31 days g 
Mean: 14 days Max: 31 days g   





L & M 
I & U 
 
Median: 14 days e 
Max: 150 days f 
Mean: 14 days 
* 




AA, A. alba; SA, S. alba; BG, B. gymnorhiza; RM, R. mucronata. 
a Duke et al. 1998; b Clarke et al. 2001; c Tomlinson 1986; d Komiyama et al. 1992; e Friess et al. (in preparation); f Drexler (2001); g Steele 
2006; h Krauss et al. 2008.* Data from sister species.  
Intertidal position: L = Low; M = Middle; H = High; Estuarine position: D = Downstream; I = Intermediate; U = upstream.




Figure 3.3. Relative pollen and propagule dispersal potentials for the four study 
species. AA: A. alba, SA: S. alba, BG: B. gymnorhiza and RM: R. mucronata. Higher 




Given the number of instrinsic (biological) and extrinsic (environmental) factors that may 
contribute to the variability in the dispersal potential of pollen and propagule, it is necessary 
to advance our understanding of their relative influence on each other as well as on gene 
flow. This literature review highlighted the context-specificity of gene flow in mangroves, 
which arises from the large variation in reproductive traits across species and in 
hydrogeographical features across location.  The framework allowed for categorization of the 
four study species based on their pollination modes propagules types. A. alba and R. 
mucronata had lower pollen dispersal potentials from S. alba and B. gymnorhiza. On the 
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other hand, A. alba and S. alba had lower propagule dispersal potentials than B. gymnorhiza 
and R. mucronata . The relative dispersal potentials will be used in the next chapter.   
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Chapter 4: Congruence between propagule dispersal potential and 
genetic connectivity in four mangrove species 
 
4.1 Introduction   
Growing empirical evidence indicates that reproductive traits—life history traits that relate 
specifically to reproductive ecology—have a profound influence on population structure 
(Hamrick et al., 1993; Riginos & Victor, 2001; Weersing & Toonen, 2009). Traits that entail 
high dispersal potential enhance gene flow and result in lower genetic differentiation among 
populations. For instance, gene flow has been shown to be higher in species with (1) sexual 
instead of asexual reproduction (Wang et al., 2012), (2) active instead of passive dispersal 
(Teske et al., 2007; Kelly & Palumbi, 2010), and (3) long instead of short dispersal duration 
(Nishikawa et al., 2003; Bradbury et al., 2008; Hickey et al., 2009; Underwood et al., 2009). 
Hence, dispersal potential is generally accepted as an approximate predictor of gene flow. 
Understanding the influence of dispersal potential on gene flow has important conservation 
implications, particularly in the design of reserve areas and management practices 
(Oostermeijer et al., 2003; Palumbi, 2003). Therefore, it is important to understand the 
relationship between dispersal and genetic structure of further taxa, especially those with 
unique dispersal ecology.  
Mangroves are one of the most widespread and ecologically important plant communities 
(Spalding et al., 2010). Despite this, the influence of dispersal potential on gene flow in 
mangroves is not well understood. Considering their narrow ecological niche, the wide 
spectrum of reproductive traits found in mangroves is remarkable (Chapter 3). Although all 
true mangrove species have water-borne propagules, the physiological and physical 
characteristics of the propagule—e.g. buoyancy, longevity, size and shape—vary greatly 
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across species (e.g. Clarke et al., 2001). The mechanism of pollen dispersal is equally 
diverse, with pollinators ranging from small insects to highly mobile nectarivorous bats (see 
Table 3.1). As summarized in Chapter 3, high interspecific differences in both pollen and 
propagule dispersal potential can be expected based on the variety of reproductive traits 
observed in mangroves. Although both pollen and propagule dispersal affect gene flow, the 
latter results in more frequent long distance dispersal, hence is arguably more important in 
maintaining gene flow among populations (see Section 3.3 for detailed discussion). Several 
empirical studies have compared the population structure of sympatric mangrove species 
(Huang et al., 2008; Islam et al., 2012; Kado et al., 2004; Takeuchi et al., 2001; Tan et al., 
2005) without attempts to make links to dispersal traits. Cerón-Souza et al. (2012) compared 
the genetic structure of Avicennia germinans and Rhizophora mangle from both Caribbean 
and Pacific estuaries in Panama, and found lower genetic structure in R. mangle and 
attributed it to the presence of wind pollination and longer propagule viability. This has been 
the only attempt to assess the influence of mangrove dispersal potential on gene flow.  
The relationship between dispersal potential and gene flow is usually determined via 
comparative analyses of sympatric species with different life history traits (Ayre et al., 2009; 
Galarza et al., 2009). As species occurring in the same landscape will be subjected to similar 
geographical constraints, comparative analysis of several species sampled from the same 
locations controls for the differences in the spatial distribution of populations. The fact that 
all true mangroves have water-dispersed propagules allows for the additional standardization 
of broad-scale physical factors in the dispersal process. Much of the research on comparative 
population genetics has been pioneered by studies on sympatric species sharing the same 
abiotic dispersal vector—e.g. marine fishes (Riginos et al., 2011), coastal invertebrates 
(Teske et al., 2007) and riparian plants (Honnay et al., 2010). Differences in gene flow across 
species with shared dispersal vector more likely reflect the underlying influence of 
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reproductive traits as opposed to broad-scale abiotic factors. In mangroves, although local 
tidal conditions and geomorphology might differ across species due to niche-based 
distribution within the habitat (Smith III, 1992; Duke et al., 1998a), these fine-scale variables 
are expected to have minimal influence on genetic flow at the landscape level. 
The genetic structure of mangroves is shaped, to a large extent, by historical biogeographic 
barriers (see Triest, 2008). This makes it imperative to distinguish the influence of physical 
barriers from that of dispersal potential in order to have an unbiased assessment of the latter’s 
role in gene flow. Physical barriers to dispersal are one of the most important drivers of 
genetic differentiation (Slatkin, 1987). As the presence of strong barriers limits the realization 
of the dispersal potential, important vicariance events (e.g. Barber et al., 1996) or physical 
features which impose a strong barrier to dispersal (e.g. Dawson, 2012; Richards et al., 2007) 
often result in shared genetic structure across species with varying dispersal potentials, 
resulting in discrepancies in the role of dispersal potential as a predictor of gene flow 
(Bohonak et al., 1999; Weersing & Toonen, 2009). On the other hand, some barriers do not 
prevent dispersal universally; the ability to overcome a barrier may reflect the strength of 
dispersal traits. This differential effect accentuates the influence of life history traits on gene 
flow and can provide invaluable insights on the relationship between dispersal potential and 
realized gene flow (Dawson, 2012; King & Lawson, 2001; Steele et al., 2009). The presence 
of physical barriers can potentially affect the outcome of the comparative analysis across 
dispersal potentials to extremes by either nullifying or strengthening the influence of 
dispersal potentials on gene flow.  
In this study, I conducted a comparative analysis of four mangrove species with contrasting 
reproductive traits to test the hypothesis that propagule dispersal potential predicts gene flow 
and the genetic structure. I accounted for the influence of physical barriers by sampling 
across a well-known land barrier in the Sunda region: the Malay Peninsula (MP). The MP has 
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been affected by vicariance as recently as 8,000 years ago, as the mangrove habitats were 
separated into two refugia on either side of the MP during the last glacial maximum (Cannon 
et al., 2009). This resulted in a distinctive east-west genetic divide across the land mass that 
observed in many mangrove species (see Chapter 1 for details of the biogeographic history). 
As the populations have recently become connected by sea, the extent of the east-west 
genetic divide across species reflects the importance of the MP as a barrier as well as the 
relative effects of vicariance and contemporary gene flow. The four study species—Avicennia 
alba, Sonneratia alba, Bruguiera gymnorhiza and Rhizophora mucronata— are major 
components in mangrove communities. They represent diverse pollination mechanisms and 
propagule types, and correspondingly a wide range of pollen and propagule dispersal 
potentials (see Section 3.5). These two parameters were compared in this study to determine 
which of them best explains the differences (if present) in genetic patterns across species. 
Site-specific biases in physical factors (e.g. ocean currents) were minimized by sampling all 
four species from the same set of estuarine mangrove forests from both coasts of the MP. In 
addition, these four species were genotyped by using the same type of DNA marker (i.e. 
nuclear microsatellites), enabling an optimal direct comparison across species.  
The analysis of both pollen and propagule dispersal mechanism in Chapter 3 showed that 
pollen dispersal potential was lower in A. alba and R. mucronata than in S. alba and B. 
gymnorhiza; while propagule dispersal potential was lower in A. alba and S. alba than in B. 
gymnorhiza and R. mucronata. As propagule dispersal is potentially more extensive than 
pollen dispersal, I predicted that the relative propagule dispersal potential across species best 
explains the genetic pattern on a landscape level. In this case, I expected that higher gene 
flow would be detected in species with higher propagule dispersal potential (B. gymnorhiza 
and R. mucronata) than in species with lower propagule dispersal potential (A. alba and S. 
alba). To ensure an objective assessment of the genetic structure, I first established the effects 
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of the MP as a barrier to gene flow before proceeding to examine the differences in gene flow 
across species. There are two major components of this study, both with specific predictions:  
1. Genetic structure across the MP  
If the MP is a strong barrier to gene flow, all four species are expected to display a distinct 
east-west genetic divide across the MP. In this case, populations from the same coast will 
be more similar to each other than to populations from different coast. In other words, 
populations from different coasts of the MP (i.e. separated by a land barrier) will belong to 
genetically differentiated subunits. In this case, vicariance, not dispersal potential, would 
be the best explanation to the underlying genetic structure between east and west MP. 
In contrast, if the signature of vicariance is undermined by contemporary gene flow, it is 
expected that genetic connectivity across the MP would correspond to the relative 
propagule dispersal potential in each species, i.e. the east-west divide would be more 
apparent in A. alba and S. alba than in B. gymnorhiza and R. mucronata.   
2. Genetic connectivity within coasts  
The gene flow within coasts is independent of the effects of vicariance, hence any 
interspecific differences in genetic pattern is likely to be a product of varying dispersal 
potentials across species. It was expected that B. gymnorhiza and R. mucronata display a 
higher genetic connectivity within coasts than A. alba and S. alba.  
4.2 Materials and methods 
4.2.1 Population sampling and genotyping 
I collected samples from A. alba (N = 430), S. alba (N = 411), B. gymnorhiza (N = 365) and 
R. mucronata (N = 393) from 12 localities (n = 22 – 49 individuals per species per locality) 
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along the east and west coasts of the Malay Peninsula (Table 4.1), with the exception of B. 
gymnorhiza, which was not sampled from PP. A leaf sample was collected from each 
individual, dried and stored in silica gel. Genomic DNA was extracted from these leaf 
samples using a modified CTAB method (Doyle & Doyle, 1987).  
Microsatellite loci were then employed to genotype the samples in each species—eight loci 
for A. alba, eight loci for S. alba, seven loci for B. gymnorhiza and 12 loci for R. mucronata 
(Table 4.2). All loci were genotyped using primers labelled with one of the four fluorescent 
dyes, 6-FAM, VIC, NED and PET. 
For A. alba, S. alba and R. mucronata, polymerase chain reaction (PCR) was performed with 
0.25 U of iTaq DNA polymerase with the following conditions: initial denaturation 5 min at 
94 °C; 35 cycles of 45 s at 95 °C, 45 s at 50 °C, 45 s at 72 °C; final elongation of 10 min at 
72 °C. Total reaction volume was 10 µL, of which 1.5 µL was DNA. For B. gymnorhiza, 
PCR was carried out using protocols described in Takayama et al. (2010). Briefly, 2-3 loci 
were simultaneously amplified with the Qiagen Multiplex PCR Kit in a final volume of 4 µL. 
Amplified products were run on an ABI 3031xl automated sequencer with the GeneScan-600 
LIZ size standard and analyzed using GENEMAPPER 4.1 software. 
Chapter 4 Dispersal potential, physical barrier and gene flow 
54 
 
Table 4.1. Site information of the 12 sampling location included in this study. Sungei 
Buloh (SB; Singapore) was categorized under west MP as it is located at the northwestern 
coast of Singapore. 




      
Krabi Thailand West  KB 08° 02' 45" 098° 55' 10" 
Kantang Thailand West KT 07° 19' 13" 099° 29' 27" 
Palian Thailand West PL 07°0 7' 58" 099° 42' 47" 
Merbok Malaysia West MK 05° 39' 12" 100° 22' 31" 
Klang Malaysia West KL 03° 00' 03" 101° 16' 38" 
Linggi Malaysia West LG 02° 23' 34" 101° 58' 42" 
Benut Malaysia West BN 01° 35' 45" 103° 16' 20" 
Sungei Buloh Singapore West SB 01° 26' 54" 103° 43' 51" 
Rompin Malaysia East RP 02° 45' 21" 103° 30' 36" 
Tanjung Lumpur Malaysia East TL 03° 47' 57" 103° 19' 33" 
Paka Malaysia East PK 04° 39' 23" 103° 25' 56" 
Pak Phanang Thailand East PP 08° 28' 30" 100° 09' 46" 
      
 
Table 4.2. List of microsatellite loci employed in this study. 
Species  Loci Reference 
A. alba Aa13, Aa22, Aa26 and Aa28 (Teixeira et al., 
2003) 
 AA18, AA29, AA53 and AA54 (Wee et al., 2013) 
   
S. alba SA102, SA110, SA115, SA117 and SA123 (Shinmura et al., 
2012b) 
 SA08, SA11 and SA15 (Wee et al., 2013) 
   




Development et al., 
2011) 
   
R. mucronata Rhst01, Rhst02 and Rhst11 (Islam et al., 2004) 
 RS78 (Takayama et al., 
2009) 
 RM102, RM107, RM110, RM111, RM112 and 
RM114 
(Shinmura et al., 
2012a) 
 RMu21 and RMu35 (Wee et al., 2013) 
  




Figure 4.1. Map showing the 12 sampling locations of this study. The inset of Southeast 
Asia (top right corner) depicts the location of the Malay Peninsula (MP). For location names, 
refer abbreviations to Table 4.1.  
 
4.2.2 Genetic data quality 
Linkage disequilibrium between all microsatellite loci pairs were estimated for each species 
with FSTAT v.2.9.3.2 (Goudet, 2001). The number of permutations performed for the linkage 
disequilibrium analysis was 280000 for A. alba and S. alba, 210000 for B. gymnorhiza and 
660,000 for R. mucronata. Deviations from Hardy–Weinberg equilibrium (HWE) were tested 
for each locus and population by an exact test implemented in GENEPOP v.3.4 (Raymond& 
Rousset, 1995). The critical p-values for the exact test were adjusted to control for type I 
error following the B-Y method (Benjamini & Yekutieli, 2001; Narum, 2006).  Scoring 
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errors, allele dropouts and the presence of null alleles were checked for all population×loci 
combinations with MICRO-CHECKER (Van Oosterhout et al., 2004). When null alleles 
were detected, the frequencies of null alleles were estimated using the Brookfield Estimator 1 
(Brookfield, 1996) implemented in MICRO-CHECKER. 
4.2.3 Basic genetic parameters: diversity and differentiation 
GenAlEx v6.5 software (Peakall & Smouse, 2012) was used to determine the observed 
heterozygosity (HO), expected heterozygosity (HE) and the number of alleles for each 
population. Allelic richness (AR) was estimated with FSTAT v.2.9.3.2 (Goudet, 2001). Due 
to the high frequency of null alleles (see Results), the estimation of FIS (inbreeding 
coefficient) may not be biologically informative and thus was excluded from the analysis.  
FSTAT v.2.9.3.2 (Goudet, 2001) was used to estimate the population differentiation (FST) 
averaged across all loci and the pairwise FST estimates between all population pairs (Weir& 
Cockerham, 1984). Due to the presence of null allele in our dataset, the pairwise FST 
estimates were corrected for null alleles by the Expectation Maximization algorithm of 
(Dempster et al., 1977) implemented in FreeNA (Chapuis & Estoup, 2007). Corrected 
pairwise FST estimates differed marginally from the uncorrected estimates (data not 
presented), thus I present the uncorrected estimates here.  
4.2.4 Genetic structure across the MP 
Five different genetic analyses were performed to detect the genetic structure across the MP 
in each species: simple Mantel R correlation test, Analysis of Molecular Variance (AMOVA) 
and Principal Coordinate Analysis (PCoA), STRUCTURE Bayesian clustering analysis and 
neighbor-joining (NJ) phylogram. AMOVA, PCoA and STRUCTURE are individual-based 
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analyses, while NJ phylogram and the Mantel tests are population-based analyses. Each 
analysis examined the east-west genetic differentiation in a slightly different manner.  
A simple Mantel test was carried out for each species to determine whether populations from 
the same coast were genetically more similar than those from different coasts. The correlation 
between two matrices was tested, one contained the population-pairwise genetic 
differentiation (FST) and another contained the predicted level of genetic differentiation if the 
MP acted as an effective land barrier to gene flow (see Dodd et al., 2002). In the predictor 
matrix, population pairs consisting of one population to the east of the MP and another to the 
west of the MP were coded 1 (high expected genetic differentiation), while population pairs 
which were located at the same side of the MP were coded 0 (low expected genetic 
differentiation). The genetic differentiation between population pairs was calculated as FST 
computed with FSTAT v.2.9.3.2 (Goudet, 2001). Simple Mantel tests were performed with 
10000 permutations and 10000 bootstrap replications by using the ecodist package for 
dissimilarity-based analysis of ecological data (Goslee & Urban, 2007) implemented in the R 
statistical environment. 
AMOVA was carried out to examine the hierarchical partitioning of genetic variance, 
particularly the genetic variation between the two regional groups, defined as populations 
from east and west MP, respectively. AMOVA was performed with Arlequin v3.5 (Excoffier 
& Lischer, 2010) with 1 × 10
4
 permutations.  
As a complementary visualization of the genetic differentiation across the MP, PCoA was 
performed for each species using GenAlEx v6.5 software (Peakall & Smouse, 2012). The 
analysis computed a matrix of mean genotypic distance values between all pairs of 
individuals. An individual-based (as opposed to population-based) scatter diagram was 
plotted according to the Eigen values along the first two principal coordinate axes which 
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accounted for most of the variation. Individuals were categorized as either originating from 
west or east MP. The presence of east-west genetic differentiation was determined via visual 
inspection of the clustering patterns among individuals. 
A Bayesian model-based clustering method implemented in STRUCTURE v.2.3.4 (Pritchard 
et al., 2000) was used to estimate the number of genetic clusters present in each species. The 
effect of the MP as a barrier was assessed by determining whether populations from different 
coasts belong to different genetic clusters. Ten runs were performed for each number of 
inferred subpopulations (K), from K = 1 to K = 13 for A. alba, S. alba and R. mucronata, and 
K=1 to K=12 for B. gymnorhiza. Each run consisted of 1 × 10
6
 replicates of the Markov chain 
Monte Carlo (MCMC) after a burn-in of 1 × 10
5
 replicates, with the default settings. The ΔK 
parameter (Evanno et al., 2005) implemented in the STRUCTURE HARVESTER online 
program (Earl & von Holdt, 2012) was used to estimate the most likely K for our dataset.  
To further understand the genetic relationships among populations, an unrooted consensus NJ 
phylogram was constructed with POPULATIONS v.1.2.31 (Langella, 2002) using Nei et al.’s 
(1983) DA as an estimator for the genetic distance between populations. Resampling over loci 
was performed over 5000 bootstrap replications to obtain the confidence estimates on the 
topology of the phylogram. The phylogram was then inspected for divergence between 
populations from different coasts. 
4.2.5 Genetic connectivity within coasts  
Gene flow and population structure within coasts were compared across species based on 
four different genetic parameters: (1) average population-pairwise genetic differentiation 
(FST), (2) average population-pairwise (DA), (3) the level of admixture as detected by 
STRUCTURE and (4) the level and geographical scale of recent migration as detected by 
BAYESASS.  
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The average pairwise genetic differentiation (FST) and genetic distance (DA, Nei et al.'s 1983) 
were used to test for the level of population subdivision between species pairs. Pairwise FST 
and DA were estimated for population pairs from the same coast in each species, using 
FSTAT (see 4.2.4) and POPULATIONS v.1.2.31 (Langella, 2002), respectively. Normality 
of the pairwise FST and DA values was tested with the Shaphiro-Wilk test. As the pairwise FST 
values for all four species were normally distributed, a paired t test was conducted on the 
average pairwise FST of all six possible species pair combinations. In contrast, since pairwise 
DA values were not normally distributed, a Wilcoxon signed rank test was carried out on the 
average pairwise DA of all six possible species pair combinations. To ensure that any 
significant difference in FST or DA between species was not confounded by different levels of 
genetic diversity in each species, a paired t-test was conducted to compare the HE values 
between species pairs.  
The STRUCTURE bar plot obtained from Section 4.2.4 was examined to determine the level 
of admixture in each species. In STRUCTURE , the presence of individuals with inferred 
ancestry from more than one genetic cluster indicated an individual-level admixture. 
Similarly, the presence of a population comprising of individuals with inferred ancestry from 
more than one genetic cluster indicated a population-level admixture.  
Isolation by distance (IBD) is a fundamental genetic pattern whereby neighbouring 
populations share more genetic similarities than distant populations. The correlation between 
genetic and geographic distance populations was tested only for populations from the west 
MP, as the low number of populations from the east MP prevented statistically meaningful 
assessment. The presence of IBD was tested for each species via a Mantel test implemented 
in the Isolation By Distance Web Service v3.23 (Jensen et al., 2005). The tests were 
performed with 1 × 10
4
 randomizations on the pairwise FST estimates (generated by FSTAT) 
and the pairwise coastal geographic distance between populations, estimated as the shortest 
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path along the coast by using Google Earth (www.google.com/earth/index.html). Genetic 
estimators were found to have little influence on the significance of IBD within a dataset 
(Jenkins et al., 2010). Therefore, for simplicity, FST was used as an estimator of genetic 
distance, instead of its derivative [FST / (1- FST)] (Rousset, 1997).  
Recent migration between population pairs was inferred with a Bayesian method 
implemented in BayesAss (Wilson & Rannala, 2003). Delta values for allele frequencies, 
inbreeding coefficients and immigration rates were set at 0.1, 0.15 and 0.15, respectively. The 
acceptance rates for changes in these parameters were between 40 – 60% (Wilson & Rannala 
2003). The analysis was conducted with 3 × 10
6




4.3.1 Data quality 
No linkage disequilibrium was detected in all pairwise loci combinations for all species. 
Missing data comprised 0.06% (A. alba), 0.27% (S. alba), 0.82% (B. gymnorhiza) and 0.30% 
(R. mucronata) of the entire data set for each species. The number of exact tests for 
deviations from HWE performed across all loci and populations was 96 for A. alba and S. 
alba, 77 for B. gymnorhiza and 144 for R. mucronata. Significant deviations from HWE at α 
< 0.05 were detected at 11.5% (A. alba), 7.3% (S. alba), 7.8% (B. gymnorhiza) and 18.8% of 
the tests after adjusting for the critical P-value using the B-Y method (Appendix 1). All loci 
not in HWE were found to experience heterozygote deficit, except for locus SA123 in the S. 
alba population from PL, which appeared to have an excess of heterozygotes. Deviation from 
HWE was associated with a particular locus or population.  
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Null alleles were potentially implicated in 13 (A. alba), eight (S. alba), five (B. gymnorhiza) 
and 38 (R. mucronata) population-loci combinations, with estimated null allele frequencies 
ranging from 0.071 to 0.225 (A. alba), 0.093 to 0.191 (S. alba), 0.093 to 0.172 (B. 
gymnorhiza) and 0.054 to 0.240 (R. mucronata) (Appendix 1). The presence of null alleles 
might result in an excess of homozygotes, as 81.8% (A. alba), 66.7% (S. alba), 66.7% (B. 
gymnorhiza) and 100% (R. mucronata) of the population-loci with a heterozygote deficit 
were found to potentially harbour null alleles. The high frequency of null alleles in some loci 
and populations could lead to an overestimation of genetic differentiation (Chapuis& Estoup 
2007). Therefore, subsequent analysis involving the detection of genetic differentiation, i.e. 
STRUCTURE Bayesian clustering and AMOVA, was performed on two sets of data on the 
same settings for each species: one with all loci and another excluding loci with the highest 
frequencies of nulls. I excluded four loci for A. alba (Aa26, Aa28, AA53 and AA54), three 
for S. alba (SA102, SA110 and SA11), three for B. gymnorhiza (BG114, BG146 and BG162) 
and six for R. mucronata (Rhst11, RS78, RM107, RM111, RM114 and Rmu21). The results 
including or excluding loci with null alleles (Appendix 2) were similar with regard to the 
most likely number of population clusters and the patterns of population differentiation. Thus, 
I present the findings from the original data here.   
4.3.2 Basic genetic parameters: diversity and differentiation 
Low genetic diversity was detected across species (Table 4.3). Mean expected heterozygosity 
(HE) was 0.301 (A. alba), 0.280 (S. alba), 0.317 (B. gymnorhiza) and 0.196 (R. mucronata). 
Allelic richness for each species was 6.713 (A. alba), 3.938 (S. alba), 3.823 (B. gymnorhiza) 
and 2.614 (R. mucronata). An average number of 2.25 (A. alba), 2.58 (S. alba), 1.45 (B. 
gymnorhiza) and 4.08 (R. mucronata) monomorphic loci within population was detected 
(Table 4.3). Despite the low genetic diversity, all four species had populations which harbour 
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private alleles. The total number of private alleles was 27 (A. alba), six (S. alba), eight (B. 
gymnorhiza) and 12 (R. mucronata) (Table 4.3).  
High and significant genetic differentiation was detected in all four species. Global genetic 
differentiation (FST) among populations averaged across loci was significant at α < 0.001 for 
all four species, ranging from 0.339 (B. gymnorhiza) to 0.482 (S. alba) (Table 4.3). A 
comparison of the population-pairwise genetic differentiation revealed that 100% (A. alba), 
100% (S. alba), 96.4% (B. gymnorhiza) and 97.0% (R. mucronata) of population pairs were 
highly differentiated at α < 0.01. Only four out of a total of 253 comparisons across four 
species were not significant—two in B. gymnorhiza and two in R. mucronata—three of which 
were adjacent population pairs. The highest pairwise FST value detected in our dataset was 
0.912, between two adjacent populations PK and PP in S. alba. The population in PP was 
completely fixed in all loci while the population in PK was fixed in all loci but one, thus 
explaining the high FST value observed. Also, concurring with the FST estimates, AMOVA 
analyses for all species showed significant genetic differentiation across populations at α < 
0.001 (Table 4.4). 
Table 4.3. Genetic diversity parameters of sampled populations. 
Species N 






AR PA Null FST 
         
         
A. alba 430 0.262 ± 0.026 0.301 ± 0.029 2.25 6.713 2.25 1.08 0.431*** 
S. alba 411 0.258 ± 0.025 0.280 ± 0.027 2.58 3.938 0.50 0.67 0.482*** 
B. gymnorhiza 365 0.289 ± 0.027 0.317 ± 0.028 1.45 3.823 0.73 0.45 0.339*** 
R. mucronata 393 0.127 ± 0.012 0.196 ± 0.017 4.08 2.614 1.00 3.17 0.348*** 
         
 
N = total number of samples; HO = observed heterozygosity; HE = expected heterozygosity; 
AR = mean allelic richness per population rarefied to a minimum of 26 individuals (A. alba), 
20 individuals (S. alba), 23 individuals (B. gymnorhiza) and 20 individuals (R. mucronata), 
PA = mean number of private allele per population, Null= mean number of loci with null allele 
per population, *** = significant at P < 0.001. 
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4.3.4 Genetic structure across the MP  
Significant genetic divergence between populations from different coasts (i.e. across an east-
west genetic divide) was detected in all species with the exception of R. mucronata (i.e. A. 
alba, S. alba and B. gymnorhiza) by five different genetic analyses. In these three species: 
1. Simple Mantel tests revealed significant correlation between the predictor matrix and the 
genetic differentiation matrix (Table 4.4). 
2. AMOVA analyses showed significant population differentiation between regional groups 
(Table 4.4).  
3. The PCoA showed distinct clustering of individuals based on the region of origin (Figure 
4.2). The first two principal component axes cumulatively accounted for 60.34%, 
70.15%, 67.96% and 63.25% of the total variance in A. alba, S. alba, B. gymnorhiza and 
R. mucronata, respectively. 
4. Each genetic cluster STRUCTURE was predominantly found at only one of the two coasts 
(Figure 4.3).  
5. The topology of the NJ phylogram depicted distinct divergence between populations from 
east and west MP (Figure 4.4).  
STRUCTURE and the NJ phylogram further revealed that each species has a unique pattern of 
genetic differentiation across the MP. The east-west divide was most apparent in A. alba; two 
highly distinct genetic clusters were detected in both STRUCTURE and the NJ phylogram 
(Figure 4.3a and Figure 4.4a). In S. alba, three genetic clusters were detected which further 
divides the populations into northwest, southwest and east of the MP (Figure 4.3b and Figure 
4.4b). Among the three species with an east-west genetic divide, the genetic structure across 
the MP is least distinct in B. gymnorhiza (Figure 4.3c). Although the genetic clustering in B. 
gymnorhiza also showed an east-west divide, a gradually increasing level of admixture—both 
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at the population and individual level—was observed from east to west MP. Consistent with 
the STRUCTURE results, the B. gymnorhiza populations in the NJ phylogram appeared to be 
genetically connected in a linear, stepping-stone manner (Figure 4.4c). The population 
genetic structure for R. mucronata did not imply an east-west divide. At K=2, populations 
from MK (west MP) and PP (east MP) formed one genetic cluster, sharing the same inferred 
ancestry with some individuals from KB, KT and PL (northwest MP) (Figure 4.3d). The 
maximum ΔK value of R. mucronata, and hence the support for K=2, was considerably lower 
than that of A. alba and B. gymnorhiza (see Appendix 3). Therefore, the genetic structure of 
R. mucronata was considered to be less resolved than the latter two species.   
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Table 4.4. Simple Mantel test and hierarchical analysis of molecular variance for four 















     
A. alba 0.383**    




0.629** 0.640*** 1.235*** 
% of total 
variance 
 
25.11 25.56 49.33 
     
S. alba 0.519**    




0.661** 0.782*** 1.161*** 
% of total 
variance 
 
25.37 30.03 44.60 
     
B. gymnorhiza 0.902**    




0.972** 0.133*** 1.099*** 
% of total 
variance 
 
44.10 6.05 49.85 
     
R. mucronata  0.247    




0.038 0.634*** 1.201*** 
% of total 
variance 
 
2.03 33.85 64.13 
     
 
* Significant at P < 0.05; ** Significant at P < 0.01; *** Significant at P < 0.001. 
 
  




Figure 4.2. Individual-based PCoA scatter plots showing the extent of east-west 
differentiation across the MP. The PCoA plots are shown here for (A) A. alba, (B) S. alba, 
(C) B. gymnorhiza and (D) R. mucronata. Individuals were represented as either originating 
from west or east MP. The percentage of total variation attributed to each axis is indicated. 
  




Figure 4.3. STRUCTURE bar plots showing the optimum number of genetic clusters 
(K) for each species. Individuals were assigned into: (A) two genetic clusters (K=2) for A. 
alba, (B) three genetic clusters for  S. alba, and two genetic clusters for both (C) B. 
gymnorhiza and (D) R. mucronata. The location of each population is denoted by a black 
dot. Each coloured vertical bar represents one population, each vertical line represents an 
individual. In each individual, the probability of membership to a genetic cluster is 
represented by a different colour. The abbreviated population name were given above the 
bar plot of each population in (A).   




Figure 4.4. Neighbour-joining phylograms showing the genetic relationships among 
populations for (A) A. alba, (B) S. alba, (C) B. gymnorhiza and (D) R. mucronata. The 
phylograms were constructed based on the DA genetic distance. Numbers beside the nodes 
of each phylogram represent DA bootstrap support (in %) based on 5000 replicates of 
resampling across loci. Note that the genetic distance (branch length) differed across trees.   
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4.3.5 Genetic connectivity within coasts 
Stronger genetic structure was detected in A. alba and S. alba as compared to B. gymnorhiza 
and R. mucronata. Genetic differentiation across all populations (overall FST) decreased in the 
following order: S. alba, A. alba, R. mucronata and B. gymnorhiza (Table 4.3). In addition, 
comparison of mean pairwise FST and DA within coasts across species revealed that 
differentiation between population pairs was highest in A. alba and S. alba, followed by R. 
mucronata (Table 4.5). Across all species, B. gymnorhiza had the lowest differentiation 
between population pairs. This result was not influenced by the level of heterozygosity, as 
only the HE of B. gymnorhiza was significantly higher than that of R. mucronata among all 
species-pair comparisons.  
 
Table 4.5. Test for difference in mean of HE, pairwise FST and pairwise DA between 
species. Only pairwise FST and pairwise DA values of population pairs from the same 
coastline were used in this analysis. Different letters next to the mean values indicate 
significant pairwise differences between species (P < 0.05).  




    
    
A. alba 0.301 a, b 0.371 a 0.257 a 
S. alba 0.280 a, b 0.378 a 0.250 a 
B. gymnorhiza 0.317 a 0.106 b 0.081 b 
R. mucronata 0.196 b 0.283 c 0.122 c 
 
 
A. alba and S. alba also had less admixture in STRUCTURE at both the population and 
individual levels (Figure 4.3) than B. gymnorhiza and R. mucronata. STRUCTURE bar plot 
showed minimal admixture at the population and individual levels in A. alba. Similarly, 
almost no admixture was found in S. alba between the genetic cluster from east MP and those 
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from the west MP. However, admixture at the population and individual levels was observed 
between the two genetic clusters from west MP. B. gymnorhiza had the highest level of 
admixture between the two genetic clusters. The admixture was largely unidirectional, as 
individuals from west MP had a higher proportion of inferred ancestry from the eastern 
cluster than vice versa. The population genetic structure for R. mucronata revealed the most 
admixture among populations. Admixture was detected at a population- and individual-level 
in all populations except for MK, SB, RP, TL and PK.  
Significant IBD was detected for all species— A. alba (r2 = 0.32, P < 0.05), S. alba (r2 = 
0.82, P < 0.01), B. gymnorhiza (r
2
 = 0.62, P < 0.001) and R. mucronata (r
2
 = 0.32, P < 0.05) 
(Figure 4.5). The correlation between genetic and geographic differentiation was most 
significant in B. gymnorhiza and S. alba.  
Recent migration between population pairs, as detected by BAYESASS, revealed that 
individuals were largely assigned back to the population from which they originated (Table 
4.5). In A. alba  and S. alba, recent migration was detected largely between neighbouring 
populations. S. alba had the highest number of self-recruited populations, only BN had < 
90% non-migrants. Contrarily, migrations between distant populations were detected in B. 
gymnorhiza and R. mucronata. However, only populations of R. mucronata had migrants 
originating from the other coast of the MP (e.g. from KB to PP), although there may be 








Figure 4.5. Mantel test indicating the isolation-by-distance signal for each species 
among populations from the west of the MP. (A) A. alba, (B) S. alba, (C) B. gymnorhiza 




Chapter 4 Dispersal potential, physical barrier and gene flow 
72 
 
Table 4.6 Bayesian assessment of migration within and between populations 
implemented in BAYESASS for each study species. The numbers are the mean 
proportion of individuals from each source population. Bold face numbers along the diagonal 
are proportion of non-migrants (self-recruitment). For clarity, mean proportions <0.01 were 
excluded.   
 to KB to KT to PL to MK to KL to LG to BN to SB to RP to TL to PK to PP 
A. alba 
from KB 0.993            
from KT  0.675           
from PL   0.675          
from MK  0.295 0.297 0.991         
from KL     0.991 0.289       
from LG      0.677       
from BN       0.989 0.293     
from SB        0.677     
from RP         0.989    
from TL          0.992   
from PK           0.991  
from PP            0.990 
S. alba 
from KB 0.986            
from KT  0.982           
from PL   0.989          
from MK    0.987         
from KL     0.987  0.236 0.024     
from LG      0.983       
from BN       0.694      
from SB       0.036 0.947     
from RP         0.989    
from TL          0.988   
from PK           0.990  
from PP            0.986 
B. gymnorhiza 
from KB 0.986  0.124 0.228 0.025  0.012      
from KT  0.981 0.026 0.016 0.019  0.012      
from PL   0.795 0.011         
from MK    0.702         
from KL     0.680        
from LG   0.022 0.021 0.247 0.960 0.058      
from BN       0.682      
from SB       0.201 0.988     
from RP         0.681    
from TL         0.280 0.989   
from PK           0.983  
R. mucronata 
from KB 0.957 0.034          0.056 
from KT  0.679           
from PL 0.022 0.238 0.970  0.021       0.022 
from MK    0.968         
from KL     0.686        
from LG     0.036 0.987 0.032      
from BN     0.221  0.943      
from SB        0.961     
from RP  0.012       0.991    
from TL          0.986   
from PK           0.989 0.021 
from PP            0.864 
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4.4 Discussion  
Genetic structure can be influenced by both the ecology and evolutionary history of the 
species (Hamrick & Godt, 1996). The findings of this study, summarized in Table 4.7, 
supported a differential effect of the MP as a barrier to gene flow across species. A. alba and 
S. alba showed a more distinctive east-west differentiation than B. gymnorhiza, suggesting 
that contemporary gene flow might have bridged connectivity across the MP in B. 
gymnorhiza. The absence of an east-west genetic divide across the MP in R. mucronata 
indicated that signature of vicariance was undermined in this species. The relative 
distinctiveness of the east-west genetic divide across species corresponded to the propagule 
dispersal potential. Similarly, the relative genetic connectivity within coasts across species 
reflected their corresponding propagule dispersal potential. B. gymnorhiza and R. mucronata 
had higher gene flow than A. alba and S. alba, as evident by lower genetic differentiation and 
distance between populations, more admixture and more extensive recent migration in terms 
of proportion of migrants and spatial scale (Table 4.7). Together, these two lines of evidence 




Table 4.7 Summarized results from multiple genetic analyses in each of the two major components of the study. The pollen and 
propagule dispersal potentials of each species were shown in the top row for comparison with the obtained results.  
   
Dispersal 
potential 
A. alba S. alba B. gymnorhiza R. mucronata 
   Pollen Low High High Low 
   Propagule Low Low High High 




A. alba S. alba B. gymnorhiza R. mucronata 
Genetic 
structure 
across the MP 
Mantel test  
Populations from the same coast were 
genetically more similar than those from 
different coasts. 
Table 4.4 Yes Yes Yes No 
AMOVA 
Significant genetic differentiation was 
found between populations from 
different coasts. 
Table 4.4 Yes Yes Yes No 
PCoA 
Individuals from the same coast formed 
a distinct genetic cluster.   
Figure 4.2 Yes Yes Yes No 
STRUCTURE 
Each genetic cluster was predominantly 
found at only one coast. 
Figure 4.3 Yes Yes 





Phylogram topology displayed distinct 
divergence between populations from 
different coasts. 
Figure 4.4 Yes Yes 
Only to a 
certain extent 
No 





The average population-pairwise FST 
across species. 
Table 4.5 High High Low Low 
Pairwise DA 
The average population-pairwise DA 
across species. 
Table 4.5 High High Low Low 
STRUCTURE 
The level of admixture within each 
population across species. 
Figure 4.3 Low Low High High 
IBD 
Correlation between genetic and 
geographic distance across 
populations.   
Figure 4.5 Yes Yes Yes Yes 
BAYESASS 












The geographic scale of recent 
migration across species. 
Table 4.6 Neighbouring Neighbouring Distant Distant 
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4.4.1 Population structure as a remnant signal of vicariance in A. alba, S. alba and B. 
gymnorhiza 
The results from A. alba, S. alba and B. gymnorhiza provide support that biogeographic 
history shapes the population structure of mangroves on a landscape level. Microsatellites 
highlighted key differences in the underlying clustering of populations proved useful in 
understanding the phylogeography of mangroves in this region. Populations of A. alba, S. 
alba and B. gymnorhiza were structured into two genetically distinct clusters: an eastern 
cluster in the South China Sea and western cluster along the Malacca Strait. This was 
expected, as similar east-west genetic divide across the MP was also observed in other 
mangrove species (e.g. Huang et al., 2008; Minobe et al., 2009; Su et al., 2006) as well as 
coastal and marine fauna (Alfaro et al., 2004; Antoro et al., 2006). The distinct, consistent 
genetic structure in A. alba, S. alba and B. gymnorhiza compounded upon previous evidence 
that phylogeographical pattern in mangroves is closely associated with the vicariance history 
across the peninsula.  
Interestingly, S. alba populations on the west coast were further differentiated into two 
distinct genetic clusters, comprising populations from the northern and southern sections of 
the Malacca Strait, respectively. Due to the presence of migration (at least between 
populations on west MP) and the lack of an apparent physical barrier between these two 
clusters, it is unlikely that the magnitude of genetic differentiation was caused exclusively by 
isolation. High differentiation among adjacent populations may reflect historical colonization 
of new habitats rather than absence of gene flow, as predicted by the Monopolization 
Hypothesis (De Meester et al., 2002). This neat and abrupt genetic break, not observed in the 
other three species, suggested an independent founding event, either during the last glaciation 
from a source other than the two known refugia, or a post-glaciation, recent colonization from 
nearby populations. The location of the southern cluster suggested possible influence of 
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populations from Sumatra and the Riau Archipelago. Deeper genetic divergence among 
populations would have to be examined, perhaps by using slow-mutating DNA markers (e.g. 
cpDNA), for more conclusive support of the evolutionary origin of these two genetic clusters 
in S. alba.  
4.4.2 Malay Peninsula as a biogeographic “filter” to gene flow across species 
Considering that this study employed fast-mutating microsatellite markers (Schlötterer, 
2000), the genetic structure of all four mangrove species not only reflected the signature of 
vicariance, but also that of contemporary gene flow. As the coasts of the MP are currently 
connected by sea, the presence of continuous waters between the South China Sea and the 
Malacca Strait supposedly permits the passage of propagules and allows for inter-coast gene 
flow across the MP. In fact, present-day ocean circulation simulations demonstrated that for 
at least a quarter of the year, water mass flowing from the South China Sea into the Malacca 
Strait facilitates a hydrological connection between the two (Rizal et al., 2012). Theoretically 
the southern region of the MP would be a mixing zone—at least in terms of propagule 
dispersal—for populations from both coasts. Therefore, contemporary gene flow could 
manifest as a genetic cline between two independent genetic lineages from both coasts.  
A comparative analysis of population subdivision in A. alba, S. alba, B. gymnorhiza and R. 
mucronata revealed differential permeability of contemporary gene flow across the MP. A. 
alba, S. alba and B. gymnorhiza shared broad similarity of deep genetic divergence; each 
genetic cluster was largely confined to only one of the two coasts. The distinct east-west 
divide in A. alba and S. alba populations in the absence of apparent physical obstacles 
indicated that recent genetic connectivity across the MP, if any, is insufficient to allow for 
homogenization between coasts. Therefore the signature of vicariance events from the last 
glacial maximum remained detectable in these two species. Such signature was undermined 
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in the genetic structure of B. gymnorhiza and completely undetectable in R. mucronata, 
indicating the presence of contemporary gene flow across the MP in these two species. The 
genetic cline between coasts was particularly conspicuous in B. gymnorhiza—STRUCTURE 
bar plot indicated a gradual transition from one genetic cluster to another, and the NJ 
phylogram exhibited a linear, stepping-stone relationship, especially among populations from 
the west MP. Therefore, the MP was not necessarily a persistent barrier across species, 
suggesting that in present day, its function resembled more of a “filter” than a “barrier” to 
gene flow.  
Notably, the relative distinctiveness of the east-west divide across species (summarized in 
Table 4.7) was congruent with the relative propagule dispersal potential, i.e. species with 
higher propagule dispersal potential showed less distinct differentiation between coasts. 
Hence, the propagule dispersal potential was explanatory of the degree of “filtering” across 
species. Such differential filtering effects of a barrier on species with different dispersal 
potential have been demonstrated across barriers as ancient as the Southeast Australian 
biogeographic barrier from the Pleistocene (Ayre et al., 2009) and as recent as the Great Wall 
of China (Su et al., 2003). This emphasized the significance of strong dispersal capabilities in 
genetically connecting isolated populations. Ultimately, the differential filtering effect of the 
MP demonstrated the interaction of historical events, contemporary gene flow and ecological 
differences (e.g. reproductive traits) in determining present-day phylogeographical pattern 
across mangrove species. 
4.4.3 Genetic connectivity within coasts  
Excluding the effects of vicariance on genetic structure, results from within coasts analyses 
indicated a more restricted gene flow and stronger population structure in A. alba and S. alba 
than in B. gymnorhiza and R. mucronata. A. alba and S. alba had higher genetic distance, 
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more profound genetic divergence among populations, more self-recruited populations and 
restricted migration (Table 4.7). The high level of genetic differentiation in A. alba was 
comparable to its congeners Avicennia marina (Duke et al., 1998b; Maguire et al., 2000; 
Maguire et al., 2002; Kado et al., 2004) and A. germinans (Dodd et al., 2002; Cerón-Souza et 
al., 2012) which also exhibited low gene flow among populations. Although the level of 
differentiation detected in S. alba was higher than in a previous study, the latter included 
populations from a more limited stretch of coastline (Li & Chen, 2004). Since geographical 
distance was a driver for genetic differentiation in S. alba (as evident in the significant IBD), 
higher differentiation would be expected from populations from a larger geographical range.  
Across all species, the gene flow in B. gymnorhiza closest reflects a stepping-stone model, 
with gradual admixture across the east and west coast. The AMOVA revealed that genetic 
homogenization among populations was highest in B. gymnorhiza, as it has the lowest 
proportion of genetic variation partitioned among populations within coasts (6.5%; Table 
4.3). Furthermore, gene flow between neighbouring populations was evident from the gradual 
increase in admixture between the two genetic clusters towards the southern tip of the MP 
(Figure 4.3c) and the high migration rate detected in BAYESASS (Table 4.5). The lack of 
individuals with > 80% inferred ancestry from a particular genetic cluster demonstrated that 
the admixture more likely had occurred between adjacent as compared to distant populations. 
Most importantly, B. gymnorhiza had the highest correlation between genetic and geographic 
distance (Fig 4.5). IBD at maternal lineage was also detected in B. gymnorhiza using 
chloroplast microsatellites, indicating that propagule dispersal played an integral role in the 
stepping-stone gene flow among populations (Islam et al., 2012).  
In R. mucronata, the relatively isolated and significantly differentiated populations were 
observed to be genetically connected by occasional gene flow. The east-west divide across 
the MP in R. mucronata was absent despite significant genetic differentiation among 
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populations. The observation of several individuals with almost 100% inferred ancestry from 
a different genetic cluster in certain populations (Figure 4.2d) indicated that some gene 
dispersal events might have been recent and occurred via propagule dispersal, thus not 
allowing enough time for the intermixing between the two ancestries. Furthermore, 
BAYESASS results revealed long distance dispersal between distant populations (Table 4.5), 
although this may be an artefact related to the founding source of the population in PP (see 
next paragraph). Effective long distance dispersal may weaken the association between 
genetic differentiation and geographic distance (Kudoh & Whigham, 1997; Tero et al., 2003), 
thus contributing to a lower significance of IBD in R. mucronata than in B. gymnorhiza.  
An anomaly in the genetic structure of R. mucronata raised interesting questions about the 
possible effects of management practices on genetic structure. The NJ phylogram (Figure 4.4) 
and pairwise FST values (Appendix 4) both showed that MK and PP were the most genetically 
similar populations. However, frequent gene flow between these two populations was highly 
unlikely, as they were located at different coasts and were far from adjacent to each other. 
The results from STRUCTURE suggested that these two populations may have originated 
from the same or similar source(s) as KB, KT and PL. Clear individual-level admixture in PP, 
the almost 100% assignment of four individuals to the genetic cluster which predominates in 
its surrounding populations in STRUCTURE and recent migration from adjacent population 
supported that regardless of the origin of the population in PP, low levels of gene flow was 
detected in between PP and PK. During field sampling, care was taken to only sample from 
old-growth R. mucronata trees which were not arranged in neat rows (hence not likely to be 
within planted plots). Nevertheless, the possibility that the sampled individuals in PP might 
have been artificially originated from source(s) from the west MP could not be discarded. 
Mangrove replanting projects using R. mucronata have been reported in the province that PP 
belong to (Erftemeijer & Lewis, 1999). In addition, R. mucronata is commonly used in 
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restoration projects, owing to the ease in growing its seedlings from propagules (Erftemeijer 
& Lewis, 1999; Wagner et al., 2001) and its commercial value in charcoal production. 
However, the data from this study and the information at hand was not sufficient to determine 
the origin of the plants at PP. 
4.4.4 Influence of reproductive traits on gene flow 
Interspecies differences in genetic connectivity—as measured by the genetic structure across 
the MP as well as within coasts comparisons—were more congruent with the relative 
propagule dispersal potential than the relative pollen dispersal potential (Table 4.7). S. alba 
with highly mobile pollinators showed low genetic connectivity whereas R. mucronata with 
restricted pollinators showed high genetic connectivity. This indicates that pollen dispersal is 
not the main determining factor for differences across species. In contrast, species with lower 
propagule dispersal potential (A. alba and S. alba) had lower genetic connectivity than 
species with higher propagule dispersal potential (B. gymnorhiza and R. mucronata). The fact 
that differences in gene flow across species better reflected their relative propagule (instead 
of pollen) dispersal potential indicates that at a landscape level, propagule dispersal is likely a 
more significant contributor to gene flow in mangroves than pollen transfer between 
populations.  
It has been long assumed that gene flow in mangroves is mainly driven by propagule 
dispersal (e.g. Chiang et al., 2001; Liao et al., 2009), and this study provides support for this 
claim. Dispersal distance has a direct impact on gene flow (Foster et al., 2012; Zeller et al., 
2006). Propagules of A. alba and S. alba are less equipped for long distance dispersal than 
those of B. gymnorhiza, and R. mucronata: they have less maternal storage, shorter flotation 
period and shorter longevity (see Table 3.2). Flotation period and longevity—essentially the 
main criteria of dispersal potential (see Section 3.5)—are good predictors of genetic 
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connectivity in sea-dispersed species, especially in marine animals with pelagic larvae 
(Shanks et al., 2003; Selkoe & Toonen, 2011). Flotation period, or pelagic larval duration in 
marine terminology, is positively correlated to dispersal distance (Shanks et al., 2003); the 
longer a propagule or larva is carried by the vector the further it can be dispersed. The same 
is true in other abiotic dispersal systems; the size of wind-dispersed seed and the height at 
which it is released dictate its terminal velocity in the wind and consequently its dispersal 
distance (Soons et al., 2004). Long distance dispersal is important in maintaining gene flow 
among spatially segregated populations (Pearson and Dawson, 2005), especially in a 
naturally fragmented habitat such as mangroves. 
This is not to say that pollen dispersal did not contribute to genetic connectivity. The highly 
significant IBD detected in S. alba and B. gymnorhiza—two species with very different 
propagule dispersal potential—may be partly attributed to gene flow via pollen. Especially 
since both species are pollinated by highly mobile vertebrates (Tomlinson, 1986), it is 
possible that pollen flow is partly responsible for the frequent gene flow between adjacent 
populations. Although the average distance between neighbouring populations (204 km) may 
be well beyond the usual flight distance of these pollinators (Byrne et al., 2007; Collevati et 
al., 2010; Mildenstein et al., 2005), unsampled mangrove patches located in between might 
mediate stepping-stone pollen transfer. Considering that S. alba has the lowest propagule 
dispersal potential and the highest pollen dispersal potential, the relative contribution of 
pollen versus propagule towards frequent short distance gene flow might be higher in this 
species. Comparison between nuclear microsatellite loci and maternally inherited DNA 
markers (e.g. chloroplast sequences) (Geng et al., 2008) is needed to determine the relative 
contribution of pollen and propagule towards gene flow in these two species.  
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4.5 Conclusions  
Genetic connectivity in these four mangrove species was observed to be closely associated 
with propagule dispersal potential. Species with buoyant and long-lived propagules have 
higher genetic connectivity across populations than species with less buoyant and short-lived 
propagules. This study provided evidence that the MP is a selective “filter” to gene flow—the 
east-west divide was more distinct in A. alba and S. alba than in B. gymnorhiza, and not at all 
in R. mucronata. The importance of propagule dispersal in maintaining genetic connectivity 
is further highlighted in the permeability of the MP to species with higher propagule dispersal 
potential. The findings of this study showed that propagule dispersal is the main driver of 
genetic connectivity in mangroves.  
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Chapter 5: Oceanic currents, not land masses, maintain the genetic 
structure of mangrove Rhizophora mucronata in Southeast Asia 
 
5.1 Introduction  
The geographic distribution of a species is a key determinant of population subdivision and 
microevolution. The spatial configuration of populations, combined with physical features of 
the landscape, can either restrict or facilitate gene flow by affecting the movement of 
individuals, gametes or gametophytes (i.e. pollen) (Slatkin, 1987). The lack of gene flow—
commonly resulting from increasing geographic distance or the presence of physical 
barriers—promotes population subdivision. Gene flow can be geographically restricted and 
occur in a stepping-stone manner, whereby genetic exchanges are limited to between 
neighbouring populations (Kimura & Weiss, 1964).This process, termed isolation-by-
distance (IBD), generates genetic differentiation which increases with physical distance 
(Wright, 1943; Rousset, 1997). Also, gene flow can be obstructed by physical barriers such as 
rivers and mountain ridges, resulting in distinct genetic discontinuities across the landscape 
(Funk et al., 2005; Coulon et al., 2006). In some cases, geographical features that are less 
apparent can also manifest as barriers to gene flow. In particular, ocean currents have been 
found to be a major driving force of subdivision among marine populations that are 
seemingly connected by sea (Ayre & Dufty, 1994; Foster et al., 2012). On a geological time 
scale, population subdivision can arise from vicariance events, which usually involves 
repeated range fragmentation following sea level fluctuations (Benzie, 1999b; McCartney et 
al., 2000). As population subdivision results from a complex combination of all these 
biogeographic processes and barriers (e.g. (Planes & Fauvelot, 2002; Trénel et al., 2008), a 
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spatially explicit interpretation of genetic structure is necessary to elucidate their relative 
influence on the gene flow of a species.  
The genetic structure of mangrove could offer valuable insights on the processes driving 
population subdivision of coastal species, as they are widespread intertidal plants which are 
dispersed mainly by ocean currents. Mangroves are commonly found along the tropical and 
sub-tropical coastlines. All true mangroves have water-dispersed propagules that can float for 
extended period of time in saline, brackish and fresh- water (Tomlinson, 1986; Clarke et al., 
2001). Gene flow in mangroves and marine organisms might be governed by similar 
biogeographical factors. Mangroves share many genetic discontinuities as in marine fauna, 
most notably in the Central American Isthmus (CAI) land barrier (Dodd et al., 2002; Lessios, 
2008) and the Indo-Pacific barrier (Barber et al., 2000; Tan et al., 2005; Su et al., 2007; 
Huang et al., 2008; Gaither et al., 2011). The Indo-Pacific barrier, for example, marks the 
location where the Sunda and Sahul continental shelves separated the Indian and Pacific 
oceans during the most recent glacial maximum (Barber et al., 2000). The detection of a 
strong genetic signature resulting from this separation (e.g. Benzie, 1999a) indicates that 
contemporary oceanic connectivity has yet to facilitate strong genetic connectivity between 
both ocean basins. The genetic connectivity of mangroves is most probably influenced by the 
ocean circulation patterns in the surrounding region, as observed in marine species that are 
passively dispersed by ocean currents (e.g. Galindo et al., 2006). All of this implies 
vicariance, land barriers and oceanography may have major influence over population 
subdivision of mangroves. 
The Malay Peninsula (MP) is perhaps the most important present-day land barrier on the 
Sunda Shelf separating the Pacific and Indian oceans. Genetic discontinuity between the east 
and west coasts of the MP has been found in coastal and marine fauna (Benzie, 1999b; Alfaro 
et al., 2004; Antoro et al., 2006) as well as in numerous mangroves species, including 
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Bruguiera gymnorhiza (Minobe et al., 2009), Ceriops decandra (Tan et al., 2005; Huang et 
al., 2008), Ceriops tagal (Ge & Sun, 2001; Liao et al., 2007), Lumnitzera littorea (Su et al., 
2007), Lumnitzera racemosa (Su et al., 2006) and Rhizophora apiculata (Inomata et al., 
2009). The only indication of a possible exception to the east-west divide across the MP was 
found for R. mucronata. Inomata et al. (2009) quantified the genetic differentiation across the 
Isthmus of Kra, which connects the MP to mainland Asia, and found higher genetic 
differentiation between two R. mucronata populations from the east coast than populations 
across the MP. However, the authors attributed their results to low genetic variation detected 
in the nuclear genes; in addition, only three populations were studied, preventing confident 
statements regarding genetic structure across the MP.  
The presence (or absence) of the east-west divide in R. mucronata has important implications 
on the role of the MP as a land barrier to gene flow. The genetic data in Chapter 4 revealed 
that an east-west divide was not observed in the sampled R. mucronata populations. 
However, it is necessary to sample from an extended geographical area that includes 
populations from the South China Sea (SCS) and Andaman Sea to confirm whether genetic 
homogeneity can be observed over the MP and its surrounding area. Among all mangrove 
species, R. mucronata has the largest propagule with one of the longest flotation periods 
(Komiyama et al., 1992; Drexler, 2001). This could lead to potentially higher genetic 
connectivity across populations relative to species with shorter dispersal distances (Drexler, 
2001). Therefore, whether the MP poses a barrier to the gene flow in R. mucronata—a 
species with high potential for long-distance dispersal—could inform the role of dispersal in 
contemporary genetic connectivity and perhaps the mechanism behind it.   
In this context, this study tested the influence of geographic distance, the MP (a land barrier) 
and ocean currents on population subdivision in R. mucronata. I characterized the genetic 
structure of R. mucronata populations across the SE Asian region by using microsatellite 
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markers. In addition, an ocean surface circulation simulation was performed by Dr Bijoy 
Thompson (from the Tropical Marine Science Institute, National University of Singapore). 
The simulation allowed me to examine the congruency between ocean circulation patterns 
and the genetic structure. I hypothesized that:  
1. If gene flow is restricted by geographic distance, IBD will be observed across 
populations; 
2. If the MP is a land barrier to gene flow, genetic discontinuity will be associated with the 
landform of the MP. In particular, an east-west divide will be observed across the MP; 
3. If ocean currents create a barrier to gene flow, genetic discontinuity will be associated 
with ocean circulation patterns.  
5.2 Materials and methods 
5.2.1 Population sampling and genotyping 
From 2008 to 2012, R. mucronata samples were collected from a total of 13 populations (27–
39 individuals per population) from continental Southeast Asia and Sumatra (Table 5.1). 
Individuals from the same population were collected at least 30 meters from each other to 
avoid resampling. A leaf sample from each individual was first dried in silica gel, followed 
by genomic DNA extraction using a modified CTAB method (Doyle & Doyle, 1987).  
In Southeast Asia, R. mucronata is sympatric with its sister species, Rhizophora stylosa 
(Duke et al., 2002). Both species are morphologically similar. To genetically confirm the 
identity of the R. mucronata samples employed in this study, I sampled and genotyped two 
populations of R. stylosa, one to the west and another to the east of the MP (Appendix 5), 
following the same genotyping procedure described below for R. mucronata. 
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Ten microsatellite loci were employed in this study—six were developed for R. mucronata: 
RM102, RM107, RM110, RM112, RM114 (Shinmura et al., 2012a), RMu54 (Wee et al., 
2013) and four cross-amplified from a closely-related species, R. stylosa: Rhst01, Rhst13, 
Rhst15 (Islam et al., 2004) and RS78 (Takayama et al., 2009). All loci were genotyped using 
fluorescent-labeled primers with the following dye-primer combinations—6-FAM: RM102, 
RM107, RM110, Rhst01 and Rhst15; VIC: RM114; NED: RMu54; PET: RM112, Rhst13 
and RS78. The polymerase chain reaction (PCR) conditions were: initial denaturation 5 min 
at 94 °C; 35 cycles of 45 s at 95 °C, 45 s at 50 °C, 45 s at 72 °C; final elongation of 10 min at 
72 °C. Total reaction volume was 10 µL, of which 1.5 µL was DNA. PCR products were run 
on an ABI 3031xl automated sequencer with the GeneScan-600 LIZ size standard and 
analyzed using GENEMAPPER 4.1 (Applied Biosystems).
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Table 5.1. Location information of the 13 sampled populations.  
Location Country Regions 
Pop. 
code 
N Latitude Longitude 
       
Myeik Myanmar West of MP MY 30 12°23'53"N 98°34'11"E 
Banda Aceh Indonesia West of MP BA 33 05°34'33"N 95°19'08"E 
Brandan Indonesia West of MP BD 31 03°59'58"N 98°14'56"E 
Jaring Halus Indonesia West of MP JH 27 03°56'22"N 98°33'46"E 
Phuket Thailand West of MP PH 37 08°24'28"N 98°30'42"E 
Palian Thailand West of MP PL 31 07°07'53"N 99°42'33"E 
Klang Malaysia West of MP KL 35 03°00'01"N 101°16'39"E 
Benut Malaysia West of MP BN 39 01°36'22"N 103°16'17"E 
Rompin Malaysia East of MP RP 34 02°45'34"N 103°30'54"E 
Tanjung Lumpur Malaysia East of MP TL 33 03°48'10"N 103°19'52"E 
Paka Malaysia East of MP PK 31 04°39'33"N 103°26'22"E 
Ca Mau Vietnam East of MP CM 38 08°44'29"N 104°52'34"E 
Nam Chiao Thailand East of MP NC 32 12° 9'57"N 102°28'36"E 
       
 
N = number of samples; MP = Malay Peninsula; Pop. code = Population code.
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5.2.2 Genetic data quality 
All microsatellite loci were analysed in pairs for linkage disequilibrium with 780000 
permutations in FSTAT v.2.9.3.2 (Goudet, 2001). Null allele frequencies were estimated for 
each locus and population by the Expectation Maximization algorithm of (Dempster et al., 
1977) implemented in FREENA (Chapuis & Estoup, 2007). Deviations from Hardy–
Weinberg equilibrium (HWE) were tested for each locus and population by an exact test 
implemented in GENEPOP v.3.4 (Raymond & Rousset, 1995). To validate that the sampled 
R. mucronata populations were not misidentified, principal coordinate analysis (PCoA) was 
performed using GenAlEx v6.5 software (Peakall & Smouse, 2012). In addition, an unrooted 
neighbor-joining (NJ) phylogram was constructed for 13 R. mucronata populations and two 
R. stylosa populations. Nei et al.'s (1983) DA was used to estimate the genetic distance 
between populations using POPULATIONS v.1.2.31 (Langella, 2002). Confidence estimates 
on the topology of the phylogram were obtained by resampling over loci with 1000 bootstrap 
iterations. 
5.2.3 Genetic diversity 
Expected heterozygosity (HE) and observed heterozygosity (HO) were calculated for each 
population using GenAlEx v6.5 software (Peakall & Smouse, 2012) to estimate the level of 
genetic diversity within the populations. Allelic richness (AR) and heterozygote deficiency 
(estimated by FIS) were computed using FSTAT v.2.9.3.2 (Goudet, 2001). Allelic richness 
was rarefied to the minimum sample size. The significance of heterozygote deficiency was 
assessed at the p < 0.05 level after Bonferroni correction.  
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5.2.4 Genetic structure 
Population differentiation (FST) averaged across all loci, and pairwise FST estimates between 
all population pairs (Weir & Cockerham, 1984) were calculated using FSTAT v.2.9.3.2 
(Goudet, 2001).  
The pattern for genetic differentiation was tested in three ways. First, genetic clusters were 
determined using a Bayesian model-based clustering implemented in STRUCTURE 
(Pritchard et al., 2000). By employing the admixture model, 10 runs were performed for each 
number of subpopulations (K), from K = 1 to K = 14. Each run consisted of 1 × 106 
replicates of the Markov chain Monte Carlo (MCMC) after a burn-in of 1 × 105 replicates. 
All parameters were set to default values. The number of population clusters was estimated 
using the ΔK parameter (Evanno et al., 2005) implemented in the STRUCTURE 
HARVESTER online program (Earl & vonHoldt, 2012). For the most likely number of K, 
assignment of each individual to a genetic cluster was carried out with the criterion that > 
80% of its genotype has an inferred ancestry from that particular cluster. 
Second, the relationships among populations were depicted in an unrooted neighbor-joining 
(NJ) phylogram constructed using POPULATIONS v.1.2.31 (Langella, 2002). The genetic 
distance between populations was estimated as DA of Nei et al. (1983). Five thousands 
bootstrap iteration with resampling over loci were performed to obtain the confidence 
estimates on the topology of the phylogram. 
Finally, spatial clustering of populations across the studied landscape was examined using a 
Bayesian approach and MCMC algorithm implemented in GENELAND (Guillot et al., 
2005). The most probable number of clusters (K) was detected using five replicate runs with 
1 × 106 MCMC iterations and Dirichlet as the selected model for allele frequencies. One 
spatial coordinate per population was used for the analysis. The uncertainty attached to the 
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spatial coordinates was set to 30 km to account for the largest possible distance between 
individuals within the same population. To better reflect the number of individuals in the data 
set, the maximum rate of the Poisson process was fixed at 400 and the number of nuclei in 
the Poisson-Voronoi tessellation was fixed at 1200 per run. The posterior probability of 
subpopulation membership was computed for each pixel of the spatial domain (50 x 50 
pixels) using a burn-in of 1000 iterations. 
5.2.5 Hypothesis testing 
Hypothesis 1: gene flow is restricted by geographic distance. The importance of geographic 
distance in shaping the genetic structure of R. mucronata populations was examined via a 
Mantel R correlation between the genetic differentiation (FST) and coastal geographical 
between population pairs. Here, I tested if population differentiation follows an IBD model, 
whereby population differentiation increases with the increase in geographical distance 
(Wright, 1943). Coastal geographical distance was estimated as the shortest path along the 
coast by using Google Earth (www.google.com/earth/index.html). Simple Mantel tests of the 
genetic distance matrix and predictor matrix were performed with 10000 permutations and 
10000 bootstrap replications by using the ecodist package for dissimilarity-based analysis of 
ecological data (Goslee & Urban, 2007)(Goslee & Urban, 2007) implemented in the R 
statistical environment. 
Hypothesis 2: the MP is a land barrier to gene flow. If the MP is an effective land barrier to 
gene flow, populations to the east and west of the MP will be genetically isolated from each 
other. To test this, a predictor matrix was produced in which population pairs consisting of 
one population to the east of the MP and another to the west of the MP were coded 1 (high 
expected genetic differentiation), while population pairs which were located at the same side 
of the MP were coded 0 (low expected genetic differentiation) (see also Dodd et al., 2002). A 
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Mantel R correlation between genetic differentiation (FST) and the predictor matrix was 
performed with the same parameters as the test in Hypothesis 1.  
Hypothesis 3: Contemporary ocean currents create barriers to gene flow. To generate the 
ocean surface circulation features, simulations were developed from the Regional Ocean 
Modeling System (ROMS) (Penven et al., 2006; Debreu et al., 2012) configured for the 
southwestern South China Sea-Malacca Strait region (Appendix 6). Circulation patterns were 
compared to the genetic clusters and discontinuities identified by STRUCTURE and 
GENELAND.  
5.3 Results 
 5.3.1 Data quality 
Missing data accounted for only 0.3% of the data set. Linkage equilibrium was met in all 
pairwise loci combinations. Significant deviations from HWE at P < 0.05 were detected in 15 
out of 130 population-loci comparisons after Bonferroni corrections. All of the significant 
deviations from HWE were heterozygote deficits, none of which was associated with a 
particular locus or population. Null alleles were potentially implicated in 47 out of 130 
population-loci combinations, with estimated frequency of < 0.2 (Appendix 7). Null alleles 
may cause an overestimation of genetic differentiation (Chapuis & Estoup, 2007), but the 
effect is not considerable when they are rare or uncommon (with frequency < 0.2) (Dakin & 
Avise, 2004; Carlsson, 2008). Therefore, I included all loci in the genetic analyses presented 
here. Results from PCoA and NJ phylogram of R. mucronata and R. stylosa individuals 
indicated that none of the R. mucronata populations had been misidentified (Appendix 5).   
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5.3.2 Genetic diversity  
Low levels of genetic diversity were observed in R. mucronata. Despite employing 10 
polymorphic microsatellite loci isolated with three different techniques for marker 
development, the average observed heterozygosity across all R. mucronata populations was 
0.072 (Table 5.2). All 10 loci were polymorphic, with the total number of alleles per locus 
ranging from three in RM107 and RM110 to eight in RM102 (see Appendix 7). In total, 46 
alleles detected with 10 loci. The observed heterozygosity (HO) per population ranged from 
0.000—0.209 (Table 5.2). Fourteen private alleles were detected in MY, BD, KL, BN and 
NC populations. The alleles detected in this study were often fixed within a population. 
Seven out of 13 R. mucronata populations had at least five monomorphic loci. Moreover, a 
significant level of inbreeding (FIS) was found in most populations, indicating a general 
heterozygote deficit in this species.  
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Table 5.2. Genetic diversity parameters of the sampled populations. 
Populations N AR Mean HO 
(± SE) 
Mean  HE 
(± SE) 
FIS 
      
MY 30 2.339 0.126 ± 0.037 0.203 ± 0.052 0.392* 
BA 33 1.100 0.018 ± 0.018 0.017 ± 0.017 -0.085 
BD 31 1.865 0.158 ± 0.039 0.204 ± 0.054 0.242 
JH 27 1.100 0.007 ± 0.007 0.014 ± 0.014 0.475 
PH 37 1.908 0.095 ± 0.042 0.158 ± 0.050 0.413* 
PL 31 1.933 0.052 ± 0.017 0.114 ± 0.033 0.558* 
KL 35 2.753 0.209 ± 0.044 0.263 ± 0.051 0.218* 
BN 39 2.354 0.154 ± 0.041 0.223 ± 0.062 0.320* 
RP 34 1.171 0.003 ± 0.003 0.009 ± 0.006 0.667 
TL 33 1.498 0.061 ± 0.026 0.097 ± 0.046 0.384* 
PK 31 1.200 0.032 ± 0.026 0.054 ± 0.036 0.413 
CM 38 1.000 0.000 ± 0.000 0.000 ± 0.000 NA 
NC 32 1.399 0.025 ± 0.013 0.057 ± 0.026 0.570* 
Mean 33 1.663 0.072 ± 0.010 0.109 ± 0.013 0.345 
 
N = number of samples; HO = observed heterozygosity; HE = expected 
heterozygosity; AR = allelic richness rarefied to a minimum of 26 individuals, FIS = 
Inbreeding coefficient; *Significant at p < 0.05. 
 
5.3.3 Genetic structure 
Despite having low genetic diversity, high genetic differentiation was detected across all 
populations. Significant population differentiation (FST) averaged across all loci was 
estimated at 0.625 (P < 0.001). Pairwise population FST estimates ranged from 0.002 (KL-
BN) to 0.984 (BA-CM); all except six were significant after Bonferroni correction (Table 
5.3). Among these six non-significant population pairs, two were adjacent populations (KL-
BN and TL-PK) while three were from different coasts of the MP (JH-RP, JH-CM, PL-NC). 
The FST estimates between MY, BA or BD and other populations were very high (FST > 
0.500) and significant at a 1% confidence level (see bordered values, Table 5.3). 
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Table 5.3. Pairwise FST values between populations. The Pairwise FST estimates are listed above the diagonal. Significance values (after 












NS Not significant; * Significant at p < 0.05; ** Significant at p < 0.01.   
 MY BA BD JH PH PL KL BN RP TL PK CM NC 
MY  0.695 0.448 0.813 0.670 0.735 0.632 0.681 0.836 0.769 0.799 0.852 0.786 
BA **  0.303 0.968 0.810 0.875 0.737 0.776 0.974 0.893 0.932 0.984 0.928 
BD ** **  0.754 0.620 0.682 0.560 0.614 0.783 0.710 0.742 0.801 0.738 
JH ** ** **  0.162 0.070 0.330 0.362 0.022 0.183 0.122 0.066 0.060 
PH ** ** ** **  0.053 0.267 0.305 0.188 0.189 0.180 0.208 0.096 
PL ** ** ** ** *  0.218 0.248 0.092 0.127 0.073 0.109 0.024 
KL ** ** ** ** ** **  0.002 0.360 0.249 0.260 0.386 0.312 
BN ** ** ** ** ** ** NS  0.386 0.247 0.268 0.413 0.339 
RP ** ** ** NS ** ** ** **  0.183 0.107 0.003 0.056 
TL ** ** ** ** ** ** ** ** **  0.033 0.240 0.135 
PK ** ** ** ** ** ** ** ** * NS  0.166 0.083 
CM ** ** ** NS ** ** ** ** NS ** **  0.079 
NC ** ** ** * ** NS ** ** NS ** ** **  
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Results from STRUCTURE provided the strongest support (see Appendix 8) for two genetic 
clusters among sampled R. mucronata individuals: (1) MY, BA and BD populations, and (2) 
all other R. mucronata populations (Fig. 1a). Ninety-seven percent of individuals had > 80% 
inferred ancestry from one genetic cluster. The remaining 3% were from populations along 
the Malacca Strait (JH, PH, PL, KL and BN) and may represent evidence of gene flow 
between clusters. Two individuals from PH had 100 % inferred ancestry from the MY-BA-
BD genetic cluster, thus representing possible recent migrants from this genetic cluster (Fig. 
5.1a).  
GENELAND detected further differentiation within the two genetic clusters identified in 
STRUCTURE—MY (Cluster 1) differentiation from BA and BD (Cluster 2), while and KL 
and BN (Cluster 3) differentiation from the remaining populations (Cluster 4) (Fig. 5.2a). 
These four clusters were consistently identified by all five replicate runs. The posterior 
probability of cluster membership was > 0.4 for each population. The results from 
GENELAND were congruent with that of the phylogenetic analysis. Four clades with the 
same population membership as the clusters detected in GENELAND were observed on the 
unrooted NJ phylogram (Fig. 5.2b); the exception was PH, which was not in any clade on the 
phylogram but was included in Cluster 4 in GENELAND. Congruent with the results from 
STRUCTURE, the longest genetic distance on the phylogram was between MY-BA-BD and 
the other populations. The largest number of private alleles was detected within Cluster 3 
(KL-BN), followed by Cluster 2, Cluster 1 and lastly Cluster 4 (Fig. 5.2b).  
5.3.4 Hypothesis 1 and 2: Simple Mantel tests 
Simple Mantel tests revealed no significant effects of coastal geographic distance (RM = 
0.236; P > 0.05) or the MP (RM = 0.048; P > 0.05) on the genetic structure of R. mucronata 
populations.  
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5.3.5 Hypothesis 3: Ocean surface simulation 
In response to the monsoon winds over the Sunda Shelf, strong seasonal cycles of cyclonic 
(anti-clockwise) southwest and anti-cyclonic (clockwise) northeast current drifts were 
observed during the northeast (November—February; Fig. 5.1b) and southwest (June—
September; Fig. 5.1c) monsoons, respectively. During the inter-monsoons, circulation in the 
Sunda Shelf is generally irregular and diminished.  
The genetic discontinuity detected between MY-BA-BD and the other populations was 
congruent with ocean current patterns at the Malacca Strait and Andaman Sea. The current 
flowing through the Malacca Strait is largely directed towards the Indian Ocean (IO) and is 
strongly related to the surface gradient of the sea level between the Andaman Sea and 
southern SCS. In the Malacca Strait, the period of strongest flow is in the northeast monsoon, 
mainly forced by the low sea level in the Andaman Sea during this season (Wyrtki, 1961). 
The volume transport through the Malacca Strait is minimal during the southwest monsoon 
period. A unique feature of surface circulation is the presence of a cyclonic and anticyclonic 
eddy situated near to the northern tip of Sumatra during the northeast and southwest 
monsoon, respectively (Fig. 5.1b and 1c). The presence of these eddies prevent the intrusion 
of the SCS water transported through the Malacca Strait to the northern coast of Sumatra in 
the northeast as well as southwest monsoons.  In the Andaman Sea, the maps of surface 
circulation climatology indicate that overall an anti-cyclonic circulation pattern in the 
northeast monsoon and a cyclonic circulation during the southwest monsoon (Fig. 5.1b and 
5.1c). When the flow through the Malacca Strait is stronger, i.e. during the northeast 
monsoon, the anti-cyclonic circulation in the Andaman Sea prevents the evasion of SCS 
water. During the southwest monsoon, strong eastward flowing currents and weak transport 
through the strait inhibit the northward movement of water into the Andaman Sea. Therefore, 
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there is limited mixing between water flowing through the Malacca Strait and those from the 
Burmese coast and northern Sumatra. 





Fig. 5.1 Maps depicting the 
genetic structure among 
populations and the ocean 
surface circulations. (a) 
STRUCTURE bar plot showing the 
assignment of individuals into two 
distinct genetic clusters (K=2). 
Surface current climatology from 
the model was shown for (b) 
December-January and (c) June-
July, representing the northeast 
and southwest monsoons 
respectively. The colour gradient 
indicates the current speed in m/s. 





Fig. 5.2. Large-scale population genetic structure. (a) Maps showing the posterior probability of four inferred population clusters detected by 
GENELAND. Contours indicate the probability of assignment to each of the four clusters, ranging from low (dark colours) to high (light colours). 
(b) Neighbour-joining tree showing the relationships among populations, which also showed similar clustering of populations. Dotted ellipses 
outline the clusters defined in GENELAND. The number of private alleles (PA) in each cluster was also shown on the NJ phylogram.  (Figure in 
the next page) 
(a) (b) 





5.4.1 Low genetic diversity and heterozygosity of R. mucronata 
In this study, low levels of genetic diversity and heterozygosity were widespread in R. 
mucronata populations. This is not due to low resolution of the employed markers, as high 
genetic differentiation among populations was detected despite the low genetic diversity. 
Excessive homozygosity is common in mangroves and mangrove associates, and may be 
attributable to low genetic diversity at range limits (Maguire et al., 2000; Arnaud-Haond et 
al., 2006), the presence of null alleles (Arbeláez-Cortes et al., 2007; Takayama et al., 2008) 
or endogamy (Dodd et al., 2002; Geng et al., 2008; Salas-Leiva et al., 2009). Since the 
studied populations were from the core region of the species’ distribution range (Duke et al., 
2002), the observed heterozygote deficit is unlikely to result from low genetic diversity at the 
range limit. The data indicated that null alleles might be present at several loci (frequency < 
0.2) and may have led to the heterozygote deficit. However, null allele frequencies can be 
overestimated in inbred populations that are not under the HWE (Van Oosterhout et al., 
2006).  Endogamy (inbreeding) and self-compatibility are expected to be higher in 
mangroves than in other tropical plants because these are traits that facilitate the colonization 
of distant locations (Primack & Tomlinson, 1980). Indeed, Rhizophora species have been 
shown to be self-compatible (Kondo et al., 1987; Tyagi, 2002; Ghosh et al., 2008), 
possessing flowers that are mainly wind-pollinated but with facultative pollination by small 
insects (Kondo et al., 1987; Coupland et al., 2006). For example, pollinator limitation is 
common in R. stylosa, which exhibits a typical fertilization rate of only 3 – 4% under natural 
conditions (Duke et al., 1984; Coupland et al., 2006). Thus, pollinator limitation, which often 
leads to selfing (Bawa, 1990), may be widespread in Rhizophora. Inbreeding in R. mucronata 
could be similarly expected in naturally fragmented mangrove habitats (Ellison, 2002), 
because fragmentation reduces pollen availability and the number of pollen donor in wind-




pollinated plants (Jump & Peñuelas, 2006; Provan et al., 2008). Since the excess of 
homozygotes is in concordance with the biology of Rhizophora, I interpret this as a result of 
endogamy rather than the presence of null alleles.   
5.4.2 Absence of IBD and an east-west genetic differentiation across the MP 
Significant genetic differentiation was detected among the R. mucronata populations, 
suggesting that these populations are not a single panmictic unit. Critically, however, the 
pattern of genetic structure did not follow the IBD model, nor was differentiation related to 
the MP. The absence of IBD in R. mucronata echoed previous findings that genetic structure 
in mangroves is often more complex than the one predicted by a simple stepping-stone model 
(Maguire et al., 2000; Dodd et al., 2002; Ceron-Souza et al., 2005). In mangroves, IBD is 
often masked by genetic patterns resulting from founding history (Maguire et al., 2000; Dodd 
et al., 2002), vicariance events (Dodd et al., 2002; Ceron-Souza et al., 2005) and perhaps the 
presence of barriers to gene flow.  
The lack of east-west differentiation in R. mucronata across the MP indicates that the MP is 
not a contemporary barrier to gene flow for this species. This contrasts with results from 
previous studies suggesting that the separation of mangrove habitats into refugia in the South 
China Sea and Andaman Sea during the last glacial maximum resulted in genetic divergence 
across the MP, which has been retained to the present day (Ge & Sun, 2001; Su et al., 2006; 
Huang et al., 2008; Minobe et al., 2009). Rather, I suggest that for R. muronata, post-glacial 
maximum gene flow may have re-established genetic connectivity across the peninsula to the 
extent that evidence of vicariance was no longer reflected in the current genetic structure.  
For all mangroves, propagule-mediated gene flow across the MP largely results from ocean 
circulation connecting both coasts (Fig 5.1b) combined with species life history strategies—
in particular propagule traits—that determine the dispersal kernel and therefore population 




connectivity (Ge & Sun, 2001; Su et al., 2007; Huang et al., 2008). Whereas gene flow across 
the MP could in theory occur via pollen dispersal, long-distance pollen flow is probably 
much less important relative to long-distance propagule dispersal, as anemophily is usually 
associated with short distance dispersal within kilometres (Bittencourt & Sebbenn, 2007) and 
can be inhibited by the landscape matrix in between populations (Koenig & Ashley, 2003; 
Provan et al., 2008). In contrast, R. mucronata propagules can remain buoyant and viable in 
seawater for up to several months (Drexler, 2001). Thus, for example, during the northeast 
monsoon, strong currents flow from the SCS via the Malacca Strait to the Indian Ocean; as 
mature propagules of the Rhizophora spp. are often available throughout the year 
(Christensen & Wium-Andersen, 1977; Sasekumar & Loi, 1983), they are likely to be 
dispersed across large distances by the prevaling ocean current.  
Lower levels of genetic connectivity—greater spatial genetic structuring—than I report for R. 
mucronata have been inferred for other Indo-west Pacific mangrove species, even though 
they are exposed to the same oceanic circulation patterns. Studies of other mangrove species 
employed slow-mutating genetic markers (e.g. chloroplast DNA region and nuclear genes) 
that are not suitable for detecting recent, contemporary gene flow (e.g. Huang et al., 2008; 
Minobe et al., 2009). Thus, the resolution of these markers may not have been sufficiently 
high to detect recent genetic connectivity.  More importantly, however, previously studied 
mangrove species (e.g. C. tagal and L. racemosa) have a shorter flotation period and viability 
than R. mucronata (Clarke et al., 2001; Steele, 2006), thus they are expected to have less 
potential for long-distance dispersal.  
5.4.3 Ocean currents driving population subdivision 
Contrary to my expectations of genetic structuring associated with the MP, I found distinct 
genetic discontinuity at the boundary between the Andaman Sea and the Malacca Strait. This 




result is particularly surprising, given (1) the geographic proximity of, yet high genetic 
distance between, the Sumatran populations BD and JH (47 km), and (2) the genetic 
proximity of, yet high geographic distance between, the Myanmar and the Sumatran 
populations BA and BD (835—931 KM). Nevertheless, three analyses using different genetic 
parameters (STRUCTURE Bayesian clustering analysis, Nei’s genetic distance and pairwise 
FST estimates) all supported the clustering—one with populations from the Andaman Sea 
(MY) and northern Sumatra (BA and BD), and another with the remaining populations. The 
underlying historical mechanism that formed the MY-BA-BD cluster is unclear; it could have 
originated from vicariance events, e.g. the repeated fluctuation of sea levels during the 
Pleistocene (Benzie, 1998), or it could be the result of long-distance dispersal. Future studies 
using slow-mutating markers, such as nuclear genes and chloroplast DNA sequence, and 
involving a larger study region may be able to identify historical mechanisms that give rise to 
the MY-BA-BD cluster.  
Regardless of the mechanism of the MY-BA-BD cluster’s origin, the analysis of ocean 
circulations indicates that this genetic break is maintained by ocean currents that prevent the 
mixing of waters at the boundary between Andaman Sea and the Malacca Strait. There is 
substantial qualitative consistency between R. mucronata genetic structure and the circulation 
patterns and eddies at the northern section of the Malacca Strait, which appear likely to 
prevent the intrusion of water exiting the Malacca Strait to the northern coast of Sumatra and 
southern coast of Myanmar, thereby preventing propagules in the Malacca Strait from 
dispersing to Myanmar and NW Sumatra populations. A similar phenomenon was deduced 
for Brazilian Rhizophora by Pil et al. (2011), who observed congruence between genetic 
structuring of geographically proximate R. mangle populations along the Brazilian coast, and 
bifurcated ocean currents that may have prevented gene flow between northern and southern 
populations. Genetic differentiation of southern Brazilian populations from others along the 




same coastline was also observed in Hibiscus pernambucensis, a sea-dispersed coastal plant 
commonly associated with the mangrove habitat (Takayama et al., 2008). This further 
supports the proposition that ocean circulations play an important role in maintaining, if not 
driving, genetic differentiation in sea-dispersed plants. 
Further evidence for ocean circulation maintaining the Andaman genetic break is the 
concordance between the present results and the regions circumscribed in the Marine 
Ecoregions of the World (MEOW) global marine biogeographic classification system 
(Spalding et al., 2007). According to the MEOW system, MY and BA fall within the 
province Andaman region, which includes Andaman and Nicobar islands, Andaman Sea 
coral coast and Western Sumatra; while the other populations fall within the province Sunda 
Shelf region, which includes the Gulf of Thailand, Southern Vietnam, Sunda Shelf/Java Sea 
and the Malacca Strait. The boundaries of provinces in the MEOW system are delineated 
based on the presence of distinct benthic and pelagic biotas which can be attributed to 
geomorphological or hydrographic features such as ocean currents, shelf systems, and salinity 
(Spalding et al., 2007). The conformity of the genetic structure of R. mucronata to the 
MEOW classification strongly suggests that (1) gene flow in this species is maintained by 
propagule dispersal, and (2) prevailing currents influence genetic connectivity.  
Further genetic differentiation nested within each of the two biogeographic provinces 
suggests a general genetic patchiness among R. mucronata populations. The BA and BD 
populations formed a genetic cluster within the “Andaman” province while KL and BN 
formed another cluster in the “Sunda Shelf” province. Both BA-BD and KL-BN were 
characterized by large number of private alleles and higher pairwise differentiation with other 
populations from the same province, indicating that this finer genetic break results from non-
homogeneous gene flow within the province. Recent oceanographic studies have shown that 
even connectivity of marine populations along straight coastlines can be patchy and 




stochastic owing to turbulence and nonlinearity in prevailing currents (Siegel et al., 2008; 
Watson et al., 2010). Hence, the explicit inclusion of ocean circulations in phylogeographic 
studies of coastal and marine organisms is highly useful in interpreting complex genetic 
structure (White et al., 2010). The intricate topography and seasonal hydrographic changes 
surrounding the MP have rendered a considerable challenge to model ocean circulation in this 
region (Fang et al., 2009; Rizal et al., 2012). Nevertheless, simulation of dispersal 
probabilities based on environmental variables such as ocean circulation patterns could be a 
valuable research avenue to uncover ecological meaning from seemingly “chaotic” genetic 
patchiness (Selkoe et al., 2010), such as the one observed in the present study.  
5.5 Conclusions 
The present study presented novel evidence that gene flow in R. mucronata is maintained by 
ocean current-facilitated propagule dispersal. Unlike other mangrove species, the most 
distinct genetic discontinuity for R. mucronata in this region is not situated across the MP, 
but at the boundary of two major marine biogeographic regions. The prevailing ocean 
currents in this region ostensibly explain the presence of this genetic discontinuity between 
the Andaman Sea and the Malacca Strait. Therefore, I advocate that future population 
genetics research in mangroves should consider incorporating an oceanographic approach in 
estimating population connectivity and adopting the delineation of marine biogeographic 
regions to guide and streamline sampling effort. 
  




Chapter 6: Thesis synthesis 
 
6.1 Introduction 
Comparative population genetics is a powerful analytical framework to examine the relative 
importance of biological traits on genetic connectivity and the spatial commonalities of 
genetic patterns among species.  This thesis adopted comparative population genetics as the 
main approach to disentangle the relative contribution of physical barriers, reproductive traits 
and ocean currents in maintaining genetic connectivity in four mangrove species—Avicennia 
alba, Sonneratia alba, Bruguiera gymnorhiza and Rhizophora mucronata—across the Malay 
Peninsula (MP). The study species and sites were representative of the mangrove forests in 
the Indo-West Pacific: the four species are key components of the mangrove communities, 
while the MP is situated at the core of mangrove distribution in this region and represented a 
well-known land barrier to dispersal. Therefore, the findings of this study could have broad 
implications on mangrove ecology and biogeography.  
6.2 Propagule dispersal as the main mechanism of gene flow among populations 
Congruence between the relative propagule dispersal potential and the level of genetic 
connectivity (both across the MP and within coasts) across species highlights the importance 
of propagule dispersal in defining the genetic connectivity across populations (Figure 6.1). In 
addition, the genetic discontinuity in R. mucronata which coincided with a division in ocean 
circulation at the boundary between the Andaman Sea and the Malacca Strait implied that for 
a species with propagules that can remain buoyant and viable over a long period of time, the 
pattern of gene flow may depend primarily on the movement of the vector, i.e. the ocean 




currents. These two lines of evidence supported the fact that propagule dispersal is the 
primary mechanism of gene flow among mangrove populations.  
 
Figure 6.1 Summary diagram of the level of genetic flow and location of barriers to 
gene flow. (A) A. alba and (B) S. alba have low propagule dispersal potentials while (C) B. 
gymnorhiza and (D) R. mucronata have high propagule dispersal potentials. Gene flow 
among populations was lower and the effect of the Malay Peninsula as a physical barrier 
was stronger in the two species with lower propagule dispersal potential. In R. mucronata, 
the division in ocean circulation pattern formed a cryptic barrier to gene flow between 
populations from the Andaman Sea and those from the Malacca Strait, resulting in a unique 
genetic discontinuity.  




These findings did not understate the contribution of pollen dispersal to gene flow, instead 
they compounded to mounting evidence that the relative contribution of pollen and propagule 
to gene flow depends on the spatial scale. For example, at the population level pollen of 
Kandelia candel has a higher dispersal distance (mean distance: 34.4 m) than propagule 
(mean distance: 9.4 m) and thus could be a stronger driver for gene flow (Geng et al., 2008). 
Propagule dispersal at this spatial scale is highly restricted to the vicinity of the mother tree 
due to retention (Komiyama et al., 1992; Clarke, 1993; Steinke & Ward, 2003; Sengupta et 
al., 2005; Geng et al., 2008). The high proportion of short distance propagule dispersal 
resulted in conspicuously patchy seedling establishment and a strong spatial genetic structure 
within the population (Geng et al., 2008; Cerón-Souza et al., 2012).   
However, once a propagule is exported from the population, it can potentially be dispersed 
across large distances by ocean currents. At present, the furthest recorded distance for 
propagule dispersal was 50 km (Clarke, 1993). Nevertheless, extrapolation of flotation data 
and observations on stranded propagule on isolated oceanic islands indicated that the 
maximum distance can be as high as over 500 km (Steinke & Ward, 2003; Allen & Krauss, 
2006). As only one migrant per generation is needed to prevent genetic differentiation 
between populations (Wright, 1931; Slatkin, 1987), these occasional long distance dispersal 
(LDD) events could have profound impact on the genetic connectivity across populations. 
The best example of this is the indirect evidence of historical trans-oceanic propagule 
dispersal that has reduced the genetic divergence of Avicennia germinans populations from 
the east and west Atlantic (Dodd et al., 2002).  
The dispersal distance of a propagule that has been exported from the population depends on 
its flotation period, viability and the prevailing currents (see Figure 3.2). Among the four 
study species, R. mucronata has the longest flotation period and viability. Chapter 5 showed 
that the prevailing currents may have restricted the gene flow between populations from the 




Malacca Strait and those from the Andaman Sea, resulting in distinct genetic discontinuity 
between these two regions. Therefore, propagule dispersal in R. mucronata may be more 
limited by extrinsic (ocean currents) than intrinsic (flotation period and viability) factors. 
Interestingly, the only other study which explored the influence of ocean currents on genetic 
structure of mangroves was conducted on another Rhizophora species (Pil et al., 2011) with 
equal, if not longer, flotation period (Rabinowitz, 1978). The congruency between the genetic 
structure of both congeners and the ocean circulation patterns suggests that for species with 
high (intrinsic) propagule dispersal potential, the circulation patterns are the main limitation 
to the spatial extent of dispersal.  
6.3 Mangroves as a community with restricted gene flow across populations 
Highly structured genetic diversity was detected in all four study species. Low genetic 
variation and significant genetic differentiation was universal across species (Table 4.3, Table 
5.2, Tale 5.3), with almost all populations being self-recruiting (Table 4.6). The level of 
genetic differentiation in this thesis fell within the range observed in other mangrove species 
(Maguire et al., 2000; Giang et al., 2003; Arnaud-Haond et al., 2006; Cerón-Souza et al., 
2012), regardless of the DNA markers employed (Dodd & Afzal Rafii, 2002), supporting the 
proposition that high genetic divergence is prevalent in mangroves.  
High genetic differentiation could result from founder events in populations that are yet to 
experience homogenization via gene flow (Austerlitz et al., 2000). Founders events are 
common in transient coastal ecosystems with frequent (re)colonization (e.g. Ruggiero et al., 
2002). Mangrove habitats are located at an intertidal margin that is highly transient in 
geologic timescale; populations undergo rapid and dramatic local extirpation and colonization 
following shoreline variation and sea level fluctuation (see Cannon et al. 2009). In addition, 
founder events may also lead to high genetic differentiation across populations via a 




reduction in effective gene flow following rapid adaptation of founding population to local 
conditions, as described in the Monopolization Hypothesis (Boileau et al., 1992; De Meester 
et al., 2002).  
Another plausible explanation for the strong genetic structure observed in mangroves is that 
gene flow across populations is highly restricted. This seemed to contradict the common 
notion that marine dispersal has a high proportion of LDD and therefore low genetic 
differentiation (Waples, 1998; Nathan et al., 2008). Extensive larval dispersal in pelagic 
marine fauna can even lead to genetic panmixia over large spatial scales and an “open” 
population structure (Cowen et al., 2000). However, a panmictic population is most likely not 
the case for hydrochorous, coastal/marine plants (including mangroves). In fact, the genetic 
differentiation in my study appears to be higher, and in some cases more significant, than 
saltmarsh (Travis et al., 2002; Bockelmann et al., 2003; Novy et al., 2010) and seagrass 
(Procaccini & Mazzella, 1998; Diekmann et al., 2005) species sampled from comparable 
spatial scale. Therefore, it is likely that mangroves depend primarily upon self-recruitment for 
maintenance of populations and that LDD is a rare occurrence over ecological time.  
6.4 Historical and contemporary barriers drive genetic differentiation 
Phylogeography (i.e. intraspecific genealogies) is shaped by biogeographic events such as 
vicariance (Avise et al., 1987), which may act as an isolating mechanism and contribute 
considerably to genetic differentiation (Riginos et al., 2011). Even closely-related sympatric 
species with similar life history traits may have varying population structure resulting from 
different phyloegographical histories (Bird et al., 2007). Therefore, the location of a 
phylogeographic break (i.e. genealogical discontinuity) shared across unrelated taxa with 
varying dispersal potentials provides evidence for location where effective gene flow is (or 
was) lacking.  While previous population genetics studies of mangroves have indicated strong 




relationships between historical distribution and phylogeographic pattern, their analyses have 
been restricted to single or sister taxa and a posteriori inference of geologic hypothesis (e.g. 
Ge & Sun, 1999; Giang et al., 2003; Liao et al., 2007; Huang et al., 2008).  
This thesis examined the broader signiﬁcance of barriers to gene flow among taxa by testing 
multiple species for the genetic signature of a fairly recent vicariance event across the MP. 
Remnant signature of the east-west vicariance was still detectable, as seen from the broadly 
consistent east-west population structure across the MP in A. alba, S. alba and B. gymnorhiza 
(see Chapter 4 or Figure 6.1). Indeed, a study employing slow-mutating markers in B. 
gymnorhiza confirmed the coancestry of populations from the same coast, and the recent 
rapid expansion following deglaciation (Minobe et al., 2009). However, for B. gymnorhiza 
and R. mucronata, the southern tip of the MP appeared to be an admixture zone for the two 
genetic lineages from each coast. The degree of inter-coast genetic homogenization was 
congruent with the propagule dispersal potential, suggesting that contemporary gene flow, 
particularly via propagule dispersal, played a significant role in connecting independent 
genetic lineages. For species with low propagule dispersal potential, the MP land mass still 
functions as a substantial physical barrier to gene flow; no inter-coast genetic exchange was 
detectable.  
This thesis highlights the presence of cryptic barriers and its considerable role in maintaining 
strong genetic structure in an otherwise high gene flow species (relative to other mangrove 
species). The detection of a genetic break in R. mucronata at the boundary between the 
Andaman Sea and Malacca Strait was unexpected as no physical barrier to dispersal was 
visible in that area. This emphasizes the capacity of ocean circulation to influence propagule-
mediated gene flow and the importance of incorporating oceanography into future genetic 
analysis, especially for the hydrologically complex Sunda region (Fang et al., 2009; Rizal et 
al., 2012).  Seascape genetics, which marries dispersal patterns generated from biophysical 




models and empirical genetic data, is a powerful analytical method to understand gene flow 
within the context of the physical environment (Riginos & Liggins 2013).  
6.5 Conservation implications 
Mangroves are one of the most threatened ecosystems in the world (Valiela et al., 2001). 
Their global decline can be attributed to threats from habitat destruction (Duke et al., 2007) 
and climate change (Gilman et al., 2008). Deforestation is the single greatest threat to the 
mangrove habitat (Alongi, 2002), as once extensive mangrove areas have been fragmented 
into smaller, isolated patches, interspaced by human settlements, industrial, aquacultural and 
agricultural areas (Strong & Bancroft, 1994; Hsiang, 2000; Bird et al., 2004; Seto & 
Fragkias, 2007; Martinuzzi et al., 2009). This thesis revealed that although long distance gene 
flow was detected occasionally, all four mangrove species have highly structured populations 
and restricted gene flow. Furthermore, it was clear from the genetic data that gene flow 
among populations was largely dependent on propagule dispersal. These genetic attributes 
imply that mangroves might be particularly vulnerable to genetic erosion under increasing 
habitat fragmentation and degradation. 
Manmade structures in mangroves often alter the local hydrology, which could reduce 
propagule export and import. Small-scale disruption of free-flowing rivers in Sri Lanka with 
the construction of a raised path through a mangrove forest was shown to reduce inundation 
from 95% to just 1.1% (Dahdouh-Guebas et al., 2011). Dykes resulting from the conversion 
of mangrove habitats to aquaculture ponds constitute a barrier to propagule dispersal for the 
remaining mangroves in the surrounding (Di Nitto et al., 2013). Disruption of tidal flow, 
most commonly as a result of fragmentation by road construction, was shown to restrict 
propagule dispersal, resulting in higher tree mortality, higher inbreeding and a reduction in 
genetic diversity (Salas-Leiva et al., 2009). Such structural barriers in mangroves sever the 




connectivity between the populations within and beyond the barrier, and can be equated to 
dams in river systems (Jansson et al., 2000). Thus, it is reasonable to expect that negative 
genetic feedback may pose an additional threat to mangroves.  
Habitat loss can reduce genetic connectivity in the four study species, especially since gene 
flow largely occurred in a stepping-stone manner (Figure 4.5). The genetic connectivity 
among populations could be disrupted if habitat loss removes an intermediary population and 
propagules could not be dispersed to the next nearest population. However, as different levels 
of genetic connectivity were detected across species, it is expected that the degree of 
susceptibility to increasing habitat loss will vary across species as well. The importance of 
LDD in maintaining connectivity increases with the degree of habitat fragmentation (Pearson 
& Dawson, 2005).  Therefore, species with higher genetic connectivity and propagule 
dispersal potential (B. gymnorhiza and R. mucronata) are expected to better withstand the 
negative genetic consequences of habitat loss. On the other hand, A. alba and S. alba were 
observed to exist in metapopulations and are thus more sensitive to habitat fragmentation.  
6.7 Final conclusion 
This thesis examined the complex interaction of historical events, present day physical 
barriers and dispersal ecology on genetic connectivity of mangrove populations. It 
demonstrated that propagule dispersal is the main mechanism for gene flow among 
populations. The data revealed that populations of mangroves from the MP have significantly 
high genetic structure, supporting the suggestion that mangroves have restricted gene flow. A. 
alba, S. alba, B. gymnorhiza and R. mucronata each has a distinctive genetic pattern across 
the MP which reflects their respective propagule dispersal potentials. Comparative analysis 
across species showed that the MP was a differential barrier to gene flow; contemporary gene 
flow between coasts was detected only in species with high propagule dispersal potential (B. 




gymnorhiza and R. mucronata). The level of genetic connectivity across species was 
congruent to their relative propagule dispersal potential, indicating that propagule dispersal 
was the main mechanism of gene flow among populations. Although the genetic structure of 
R. mucronata did not show an east-west genetic differentiation across the MP, a genetic 
discontinuity was detected on the boundary of the Andaman Sea and the Malacca Strait, 
implying the importance of ocean circulation patterns in defining the genetic connectivity in 
this species. This thesis provided valuable insights on the factors influencing gene flow 
among populations, which are useful in understanding how increasing anthropogenic 
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Appendix 1. Genetic diversity parameters of sampled populations.  
Site N Mean HO ± SE Mean HE ± SE Fixed 
loci 
AR PA Null FIS Deviation 
from HWE  
A. alba         
KB 49 0.293 ± 0.069 0.408 ± 0.078 1 2.933 3 4 0.290* * 
KT 36 0.253 ± 0.091 0.289 ± 0.114 1 3.874 3 2 0.139 * 
PL 37 0.270 ± 0.111 0.259 ± 0.107 2 2.647 1 0 -0.028 NS 
MK 35 0.004 ± 0.004 0.004 ± 0.004 7 1.107 0 0 0.000 NA 
KL 35 0.118 ± 0.064 0.223 ± 0.115 5 2.230 1 2 0.483* * 
LG 30 0.179 ± 0.078 0.225 ± 0.088 4 1.875 0 1 0.221 * 
BN 35 0.161 ± 0.068 0.198 ± 0.082 2 3.041 2 1 0.204 * 
SB 34 0.261 ± 0.072 0.321 ± 0.086 0 2.857 3 0 0.201* * 
RP 33 0.462 ± 0.101 0.439 ± 0.095 1 3.701 0 0 -0.037 NS 
TL 35 0.218 ± 0.077 0.234 ± 0.090 2 2.457 1 0 0.083 NS 
PK 36 0.462 ± 0.111 0.490 ± 0.112 1 3.827 4 1 0.073 NS 
PP 35 0.461 ± 0.081 0.523 ± 0.090 1 5.081 9 2 0.133 * 
          
Mean 35.8 0.262 ± 0.026 0.301 ± 0.029 2.25 6.713     
          
S. alba         
KB 38 0.188 ± 0.076 0.202 ± 0.082 3 1.854 0 0 0.084 NS 
KT 36 0.322 ± 0.091 0.335 ± 0.098 1 3.320 2 0 0.053 NS 
PL 39 0.388 ± 0.061 0.411 ± 0.071 0 2.707 0 2 0.070 * 
MK 35 0.364 ± 0.068 0.413 ± 0.070 1 2.461 0 2 0.132 * 
KL 31 0.343 ± 0.091 0.365 ± 0.089 0 2.916 0 0 0.077 NS 
LG 35 0.429 ± 0.067 0.481 ± 0.060 0 3.474 0 1 0.123 * 
BN 34 0.438 ± 0.112 0.405 ± 0.102 0 3.385 1 0 -0.065 NS 
SB 32 0.432 ± 0.078 0.443 ± 0.080 0 3.478 2 0 0.042 NS 
RP 42 0.105 ± 0.051 0.187 ± 0.093 5 1.713 1 2 0.448* * 
TL 31 0.073 ± 0.051 0.104 ± 0.073 6 1.580 0 1 0.315 * 
PK 35 0.011 ± 0.011 0.017 ± 0.017 7 1.124 0 0 0.366 * 
PP 23 0.000 ± 0.000 0.000 ± 0.000 8 1.000 0 0 NA NA 
          
Mean 34.2 0.258 ± 0.025 0.280 ± 0.027 2.58 3.938     
          
B. gymnorhiza         
KB 42 0.249 ± 0.088 0.241 ± 0.081 1 2.596 1 0 -0.023 NS 
KT 33 0.236 ± 0.084 0.278 ± 0.083 1 3.003 0 1 0.168 * 
PL 24 0.228 ± 0.079 0.275 ± 0.086 1 2.417 0 0 0.191 * 
MK 31 0.282 ± 0.095 0.387 ± 0.104 1 3.594 3 3 0.287* * 
KL 33 0.280 ± 0.076 0.310 ± 0.089 2 2.786 1 0 0.114 NS 
LG 30 0.293 ± 0.100 0.299 ± 0.092 2 3.127 1 1 0.037 NS 
BN 33 0.411 ± 0.104 0.435 ± 0.111 1 3.606 0 0 0.069 NS 
SB 36 0.415 ± 0.115 0.420 ± 0.113 2 2.892 0 0 0.028 NS 
RP 28 0.321 ± 0.100 0.339 ± 0.104 2 3.106 1 0 0.069 NS 
TL 38 0.226 ± 0.075 0.264 ± 0.092 2 2.735 0 0 0.157 NS 
PK 37 0.240 ± 0.081 0.240 ± 0.075 1 2.809 1 0 0.013 NS 
          
Mean 32.9 0.289 ± 0.027 0.317 ± 0.028 1.45 3.823     





R. mucronata         
KB 44 0.203 ± 0.067 0.219 ± 0.070 4 1.861 1 0 0.084 NS 
KT 29 0.086 ± 0.032 0.177 ± 0.057 4 1.847 2 5 0.525* * 
PL 31 0.108 ± 0.033 0.193 ± 0.057 3 1.845 1 5 0.457* * 
MK 33 0.197 ± 0.049 0.240 ± 0.053 2 2.095 0 2 0.195 * 
KL 34 0.219 ± 0.043 0.289 ± 0.057 0 2.311 0 2 0.257* * 
LG 28 0.060 ± 0.025 0.139 ± 0.056 7 1.476 1 4 0.583* * 
BN 38 0.185 ± 0.038 0.252 ± 0.053 1 2.079 0 2 0.276* * 
SB 22 0.091 ± 0.027 0.252 ± 0.058 2 1.907 2 7 0.653* * 
RP 34 0.007 ± 0.007 0.020 ± 0.016 10 1.202 1 2 0.648* * 
TL 33 0.081 ± 0.034 0.128 ± 0.056 7 1.493 0 3 0.380* * 
PK 31 0.059 ± 0.029 0.108 ± 0.047 8 1.416 0 2 0.464* * 
PP 36 0.225 ± 0.041 0.341 ± 0.060 1 2.541 4 4 0.352* * 
          
Mean 32.7 0.127 ± 0.012 0.196 ± 0.017 4.08 2.614     
          
          
          
N = number of samples; HO = observed heterozygosity; HE = expected heterozygosity; AR = allelic richness 
rarefied to a minimum of 26 individuals (A. alba), 20 individuals (S. alba), 23 individuals (B. gymnorhiza) and 20 
individuals (R. mucronata), PA = number of private allele, Null= number of loci with null allele, FIS = Inbreeding 






Appendix 2. Results from AMOVA analysis comparing populations from West and 















Source of variation Among regions  





    
A. alba    
d.f. 1 10 848 
Variance component 0.48432** 0.37846*** 0.40752*** 
% of total variance 38.13 29.79 32.08 
    
S. alba    
d.f. 1 10 810 
Variance component 0.49869** 0.46483*** 0.60023*** 
% of total variance 31.89 29.73 38.38 
    
B. gymnorhiza    
d.f. 1 9 719 
Variance component 0.61776** 0.06322*** 0.72652*** 
% of total variance 43.89 4.49 51.62 
    
R. mucronata    
d.f. 1 8 638 
Variance component -0.01170 0.20285*** 0.41222*** 
% of total variance -1.94 33.62 68.32 
    





Appendix 3. The ΔK values given by STRUCTURE HARVESTER for each K in (A) A. 




Appendix 4. Pairwise FST estimates between R. mucronata populations are listed above the diagonal and the significance values 
(after Bonferroni correction) are listed below the diagonal. Global population differentiation (FST) averaged across all loci, without assuming 
a random mating model in Hardy-Weinberg proportions, was estimated at 0.348 (P < 0.001). Grey boxes indicate pairwise comparison between 
a population from west MP and another from east MP. 
 
 KB KT PL MK KL LG BN SB RP TL PK PP 
KB  0.065 0.124 0.329 0.335 0.285 0.408 0.317 0.324 0.233 0.395 0.159 
KT **  0.017 0.421 0.265 0.146 0.336 0.215 0.369 0.162 0.336 0.253 
PL *** NS  0.425 0.208 0.083 0.275 0.158 0.301 0.120 0.249 0.284 
MK *** *** ***  0.473 0.537 0.544 0.458 0.625 0.528 0.605 0.142 
KL *** *** *** ***  0.181 0.007 0.072 0.520 0.329 0.360 0.369 
LG *** *** *** *** ***  0.229 0.135 0.550 0.218 0.296 0.404 
BN *** *** *** *** NS ***  0.104 0.572 0.373 0.392 0.441 
SB *** *** *** *** *** *** ***  0.546 0.312 0.354 0.355 
RP *** *** *** *** *** *** *** ***  0.234 0.590 0.468 
TL *** *** *** *** *** *** *** *** ***  0.341 0.383 
PK *** *** *** *** *** *** *** *** *** ***  0.472 
PP *** *** *** *** *** *** *** *** *** *** ***  
 
NS Not significant; ** Significant at P < 0.01; *** Significant at P < 0.001.   
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Appendix 5 (a) Location information for two Rhizophora stylosa populations (b) PCoA 
plot and (c) neighbour-joining phylogram showing distinct clustering of R. mucronata 
individuals from R. stylosa individuals. Axis 1 and axis 2 of the PCoA cumulatively 
explained 82.15% of the variance. The PCoA provided support for distinct clustering of R. 
mucronata individuals from R. stylosa individuals. Dotted lines in the neighbour-joining 
phylogram encircle populations from the same species, showed clear divergence between 
R. mucronata and R. stylosa populations. The longest genetic distance was observed 
between both species, with a bootstrap value of 100%, indicating that none of the R. 






N Latitude Longitude 
Brandan Indonesia RS1 22 03°59'58"N 98°14'56"E 












Appendix 6. Detailed methods for modeling ocean circulation patterns. 
 
The southern part of the South China Sea (SCS) consists of the relatively shallow Sunda 
Shelf. Depth of water in the Sunda Shelf varies from 40—100 m while moving from the 
south to central part of the SCS. The Sunda Shelf is connected to the Java Sea through the 
Karimata Strait in the south and through the Malacca Strait to the Andaman Sea in the west. 
The Malacca Strait is placed between the MP and the Sumatra Island, and consists of a wide 
and deep (depth of 100 m) north section contracting southward from Andaman Sea to the 
narrow and shallow (27 km and depth around 30 m) south section.  
 
Ocean circulation pattern simulation was developed from the Regional Ocean Modeling 
System (ROMS), which is a three-dimensional, free-surface, primitive equation model based 
on hydrostatic vertical momentum balance and Boussinesq approximations. The model 
domain extended from 95.5—113°E in the zonal direction and 5.5°S to 17.5°N in the 
meridional direction with a uniform horizontal resolution of 1/16° × 1/16°. The model had 
stretched, terrain-following coordinates in the vertical and coastline-following curvilinear 
coordinates in the horizontal. There were 32 vertical σ-levels and the upper mixed layer was 
well resolved. Lateral tracer and momentum advection in the model was associated with the 
third-order upstream-biased scheme (Shchepetkin & McWilliams, 1998). The Large-
McWilliams-Doney K-profile planetary (KPP) boundary layer scheme was used for the 
vertical mixing (Large et al., 1994). The model bathymetry was derived from the General 
Bathymetric Chart of the Oceans (GEBCO) database (http://www.gebco.net/) with 30 arc-
second resolution. The radiation boundary condition was implemented in the lateral open 
boundaries (Marchesiello et al., 2001), where the model solution was connected to the Simple 
Ocean Data Assimilation (SODA) re-analysis datasets (Carton & Giese, 2008). Temperature, 
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salinity, sea surface height, and baroclinic and barotropic velocities were supplied along the 
lateral open boundaries. The model was integrated for a period of 18 years from 1990—2007 
with the initial conditions from SODA for January 1990. The model was forced by 12-hourly 
10-m wind, 2-m air temperature, relative humidity, downward shortwave and longwave 
radiations at the earth surface and precipitation fields from ERA-interim Re-analysis (Dee et 
al., 2011). The maps of surface circulation climatology for the southwest and northeast 
monsoons were constructed from the model simulation over the period of 1990—2007. The 
monthly surface circulation climatology averaged for June—July and December—January 
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Appendix 7. Allele frequency and frequency of null alleles per locus per population for R. mucronata. NA = Number of alleles per locus; 
AR = Allelic richness per locus. 
Locus 
Population   
MY BA BD JH PH PL KL BN RP TL PK CM NC   
Allelic richness per locus per population           AR NA 
RM10 2.000 1.000 2.000 1.000 1.703 1.839 1.985 1.966 1.000 1.000 1.000 1.000 1.000 2.142 3 
RM02 4.718 1.000 2.000 1.000 2.703 2.815 2.000 1.000 1.000 1.000 1.000 1.000 1.995 3.133 8 
RM07 1.000 1.000 2.000 1.000 2.000 2.000 1.937 1.892 1.000 1.000 1.000 1.000 1.000 2.635 3 
RM14 2.897 1.000 2.000 1.000 1.703 1.000 2.000 2.000 1.947 2.000 2.000 1.000 1.995 3.167 4 
RM12 1.000 2.000 2.000 1.000 1.000 1.000 2.728 3.598 1.000 1.000 1.000 1.000 1.000 2.589 5 
Rhst15 2.000 1.000 1.839 1.000 2.970 2.000 2.743 1.667 1.000 1.000 1.000 1.000 2.000 2.835 4 
Rhst01 2.929 1.000 1.976 1.000 2.000 2.000 3.728 2.667 1.000 1.999 1.000 1.000 2.000 3.135 6 
RMu54 2.983 1.000 1.839 1.000 1.998 1.839 2.743 2.892 1.000 1.976 1.000 1.000 1.000 2.572 6 
Rhst13 1.867 1.000 2.000 2.000 2.000 2.838 3.985 2.000 1.765 2.000 1.000 1.000 1.000 3.467 7 
RS78 2.000 1.000 1.000 1.000 1.000 2.000 3.680 3.858 1.000 2.000 2.000 1.000 1.000 2.651 4 
Frequency of null alleles per locus per population           
RM10 0.182 0.001 0.066 0.001 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001   
RM02 0.101 0.001 0.068 0.001 0.153 0.113 0.056 0.001 0.001 0.001 0.001 0.001 0.107   
RM07 0.001 0.001 0.051 0.001 0.070 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001   
RM14 0.132 0.001 0.015 0.001 0.000 0.001 0.149 0.177 0.116 0.155 0.054 0.001 0.107   
RM12 0.001 0.000 0.142 0.001 0.001 0.001 0.095 0.073 0.001 0.001 0.001 0.001 0.001   
Rhst15 0.126 0.001 0.000 0.001 0.130 0.154 0.049 0.000 0.001 0.001 0.001 0.001 0.068   
Rhst01 0.064 0.001 0.000 0.001 0.056 0.126 0.000 0.023 0.001 0.000 0.001 0.001 0.169   
RMu54 0.163 0.001 0.000 0.001 0.143 0.000 0.031 0.064 0.001 0.000 0.001 0.001 0.001   
Rhst13 0.000 0.001 0.081 0.099 0.174 0.158 0.075 0.056 0.000 0.136 0.001 0.001 0.001   




Appendix 8. Graph of the ΔK values given by STRUCTURE HARVESTER for each K. 
 
